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This  volume  i§  a  collection  of  articles  which  are  based  upon  lectures 
presented  at  the  Tenth  Anniversary  Air  Force  Office  of  Scientific 
Research  Scientific  Seminar,  "Scienrc  in  the  Sixties,”  held  at  Cloud 
croft,  New  Mexico  in  June  1965. 

The  AFOSR  Scientific  Seminars  are  unique.  Leaders  in  the  fields 
of  science  encompassed  by  AFOSR's  areas  of  scientific  interests  de¬ 
pict  current  Outstanding  activities  and  research  problems  in  their 
fields.  The  lectures  are  truly  broad  and  must  be  intelligible  to  non- 
specialists  in  each  field,  since  they  are  presented  to  audiences  which 
consist  of  scientifically  sophisticated  individuals  with  widely  vary¬ 
ing  interests  and  backgrounds.  They  must  offer  not  only  information 
in  a  specific  field,  but  ideas  for  interdisciplinary  action  as  well. 

This  book  does  not  pretend  to  he  a  publication  of  the  proceed¬ 
ings  of  the  seminar.  Neither  is  it  a  collection  of  scientist  articles 
which  have  been  written  for  publication  in  one  of  the  several 
learned  journals.  This  collection  does,  however,  indicate -the  state 
of  the  art  in  areas  comprising  the  spectrum  of  scientific  efforts  being 
supported  by  the  Air  Force  Office  of  Scientific  Research. 

The  Seminar  was  sponsored  by  the  Air  Force  Offitfc  of  Scientific 
Research  in  cooperation  with  the  University  of  New  Mexico  and 
the  Air  Force  Missile  Development  Center. 

D.  L.  A. 

Washington,  D.  C. 

November  1965 
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Diking  the  period  14-25  June  1965  the  Air  Force  Office  of  Scien¬ 
tific  »ese»rch  cunJn'ted  s  unique  seminar  at  CloudcToft,  New 
Mexico.  Each  of  the  sixteen  distinguished  scientific  investigators 
who  spoke  at  this  seminar  was  chosen  for  his  place  on  the  knife  edge 
of  his  particular  area  of  research,  where  work  was  being  done  that 
would,  in  all  likelihood,  influence  the  course  of  science. 

Among  the  seminar  attendees  were  more  than  two  hundred  se¬ 
lected  research,  development,  and  administrative  scientists  and 
engineers  of  the  Air  Force,  both  civilian  and  military.  Liberally 
sprinkled  among  this  group  were  representatives;  of  colleges  and 
universities,  other  Federal  agencies,  and  armed  forces  contractors 
in  industry  and  other  research  institutions. 

The  focus  in  time  was  the  mid-1960's,  coincidentally  the  tenth 
anniversary  of  the  Air  Force  Office  of  Scientific  Research.  AFOSR 
is  the  Air  Force  agency  with  responsibility  for  stimulating  funda¬ 
mental  scientific  investigation  throughout  the  world  in  those  as¬ 
pects  of  the  science*  that  bear  upon  what  are  considered  the  central 
technological  barriers  to  future  development  of  Air  Force  operating 
capabilities. 

The  1965  seminar  was  the  first  in  the  long  Cloudcroft  teries  to 
span  a  wide  variety  of  sciences  Earlier  seminars  had  concentrated 
on  critical  areas  of  special  Air  Force  interests  such  as  optics,  cy¬ 
bernetic*,  and  geophysics.  The  broader  formal  seemed  particularly 
desirable  in  view  of  the  frequently  asked  question,  "Where  arc  we 
now,  and  where  arc  we  going,  across  the  spectrum  of  the  sciences 
today?" 

AFOSR  Seminar  speakers  traditionally  are  asked  to  speak  infor¬ 
mally  rather  than  to  rend  scientific  papers,  and  to  discuss  aspects  of 
their  work  that  are  far  in  advance  of  the  tidying-up  process  fl  at 
usually  accompanies  the  preparation  of  such  papeis.  fn  this  wav  the 
AFOSR  Seminar  hat  been  notably  successful  in  providing  dote 
associations  on  an  unhurried,  casual  basis,  in  an  isolated  location. 
The  effect  hat  been  to  provide  a  rich  background  to  aid  all  rf  us 
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in  the  Air  Force  who  work  to  ensure  that  new  science  has  a  timely 
impact  upon  Air  Force  «>|>crations. 

By  the  end  of  the  seminar  it  was  apparent  that  the  interdisci¬ 
plinary  point  ot  view  had  contributed  an  unusual  perspective  uf  the 
unity  of  science,  and  strong  evidence  of  the  cross-circulation  of 
ideas  across  the  disciplines.  Speakers  often  referred  to  each  other's 
rY  ««irrh  and  made  use  of  concepts  described  in  earlier  lectures. 

It  was  also  apparent  that,  despite  the  non-publishing  tradition 
of  past  seminars,  a  volume  based  u|>on  the  presentations  would 
greatly  further  a  major  objective  of  this  seminar,  wide  and  timely 
dissemination  of  new  scientific-  information  to  potential  users.  Thus 
the  idea  for  this  volume  took  shape,  to  which  the  s|>eakers  would 
contribute  an  article,  as  general  or  as  specific  as  they  wished,  high 
lighting  major  paints  which  developed  during  their  talks. 

What  has  emerged  vividly  is  the  interlocking  strength  of  seem¬ 
ingly  disparate  avenues  of  investigation  in  the  sciences  today,  and 
the  clear  indication  that  great  progress  is  often  made  in  small 
steps  occurring  in  a  variety  of  ways.  !t  is  difficult  to  convey  to  a 
non  scientific  audience  the  impossibility  of  predicting  in  advance 
how  new  knowledge  in  the  sciences  will  be  of  direct  benefit  in  the 
future.  This  volume  illustrates  the  problem  perfectly. 

I  tan  predict,  however,  that  some  future  historian  of  science  will 
point  to  this  book  and  say  (hat  some  of  those  important  small  steps 
arc  recorded  here. 


y 

WILLIAM  J.  PRICE 


Executive  Director 

Air  Force  Office  of  Scientific  Research 
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I.  Paths  to  the  Sixties 

A.  Hunter  Dupree 

I.  OVER  THE  DISTAN  T  HORIZON; 

Tin  er  Vienc'e  in  America  hi 

I'lir  HiMORiAN  has  a  place  sjteaking  to  a  group  of  uit-niim  because 
his  view  of  the  past  tan  expand  (hr  rxpeririur  o|  tliuse  making 
derisions  for  the  future  beyond  tlteir  own  immediate  horiion.  He 
rannot  predict  the  future,  nor  ran  he  by  examining  the  past  makr 
discoveries  yet  utuheamed  of  by  the  scientists  in  their  own  pto|>cr 
disciplines.  Vet  he  can,  by  tracing  the  scientific  ideas  ol  the  past, 
indicate  something  of  the  nature  of  sHence  and  how  its  leading  ideas 
are  formed.  He  can  also,  because  science  does  not  take  place  in  a 
social  and  institutional  vacuum,  trace  the  development  of  those 
institutions  which  give  scientific  ideas  their  environment. 

Those  who  belittle  science  in  America  because  of  the  dearth  of 
great  names  are  likely  to  overlook  entirely  that  half  of  American 
history  in  which  the  Atlantic  shore  oi  North  Anietica  was  a  series 
of  British  colonies.  However,  the  time  span  ol  the  history  of  modern 
science  and  of  American  history  arc  almost  identical.  Thomas  Her- 
riot,  who  accompanied  Sir  Walter  Raleigh’s  ill  fated  attempt  to 
ci  Ionize  Virginia,  was  a  distinguished  mathematician,  one  ol  the 
fint  followers  of  Copernicus  in  England  and  a  correspondent  of 
Kepler.  From  the  time  of  ihe  fint  settlement*  the  question  was  not 
what  the  American  colonies  contributed  to  science  but  rather  what 
science  contributed  to  the  structure  of  American  « ivili/ation.  The 
Puritans  had  a  philosophically  secure  place  for  science,  and  many 
ol  their  strongest  intellects  devoted  a  major  part  of  their  energy  to 

A.  HVNTF.R  Dt’PRFF,  Pro/eturr  a/  lliilory  o/  it >c  I'nireniiy  i >/  Cali 
/omit  tl  Rerkclry,  11  note  writing  SUf-Nci  in  inr  hciiM.  (.ovisnmini, 
l!M0  to  I960,  companion  piece  to  ihe  rtrlirr  work  ror’cring  the  years  prior 
to  WO.  He  it  t  member  a I  Ihe  Hiliorictl  Advisory  Committee  of  the  Na 
tiontl  Aeronautics  and  Space  Administration  and  hat  tewed  at  a  con¬ 
sultant  to  the  Committee  on  Science  and  Public  Policy  of  the  National 
Academy  of  Sciencet. 
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investigating  natural  phenomena.  Thomas  Brattle  mfcde  astronom¬ 
ical  observations  which  were  used  by  Isaac  Newton  in  hit  Principia. 
The  brighten  ornament*  of  the  Americin  Enlightenment,  Benja¬ 
min  Eranklin  and  David  Rittcnhouie,  made  contribution*  to  po¬ 
litical  philosophy  at  leait  in  part  becauie  of  the  position*  they  had 
gained  in  the  trantatlantic  world  through  natural  philotophy.  Thui, 
front  :hr  very  beginning  American  civilitation  gave  a  place  of  honor 
to  wiener  and  developed  differently  became  of  iu  pretence 

With  the  achievement  of  independence,  the  men  of  the  early 
republic'  attempted  to  express  their  nationalism  in  tcieiuc  at  well 
at  in  literature  and  art.  The  attempt  to  establish  an  American 
prime  meridian  to  replace  that  of  Greenwich  wat  a  characteristic 
gesture  of  the  first  generation.  Almost  immediately  two  basic  at¬ 
titudes  toward  the  relation  of  science  to  American  democracy  be¬ 
came  apparent.  On  the  one  hand,  many,  including  Joseph  Priestly, 
saw  the  free  institutions  established  by  the  American  Revolution 
as  providing  the  essential  condition  of  freedom  in  which  science 
could  be  cxjectcd  to  flourish.  On  the  other  hand,  some,  such  as 
John  Quincy  Adams,  chided  Americans  for  not  providing  support 
for  science  which  the  monarchies  supplied  as  aristocratic  patrons. 
In  cuiHrast  to  the  numerous  and  well  endowed  aslionumiial  observa¬ 
tories  of  Europe,  where  were  the  "lighthouses  of  the  ikies"  in  the 
American  republic?  Thus  the  belief  that  an  authoritarian  slate  has 
a  positive  advantage  in  supporting  science  has  been  a  part  of  the 
American's  assumption  about  science  for  a  long  time,  and  the  re¬ 
actions  to  Sputnik  I  show  that  the  idea  is  still  very  much  with  us. 

Against  such  a  background  the  United  States,  in  the  period  after 
1850,  fared  up  to  the  problem  of  institution-building  for  science  in 
the  nation.  In  an  age  of  seeming  indiffeience  to  basic  research, 
scientists  could  not  admit  in  theory  that  they  were  building  na¬ 
tional  scientific  institutions.  They  had  to  pretend  the  Coast  Survey 
was  a  temporary  task  force  and  not  a  permanent  government  agency. 
They  had  to  introduce  a  national  astronomical  obseivatory  in  the 
guise  of  a  Depot  of  Charts  and  Instruments  for  the  Navy.  It  look 
an  entirely  unexpected  bequest  to  bring  the  Smithsonian  Institu¬ 
tion  into  existence.  Only  the  unusual  political  condition*  of  the 
Civil  War  period  made  possible  the  founding  of  a  national  academy 
of  science*.  Not  until  late  in  the  nineteenth  century  did  the  char- 
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acteristic*  of  universities,  as  we  know  them  today,  begin  to  take 
shape  in  die  United  States. 

One  important  nineteenth  century  institution  which  has  been 
almost  eclipsed  by  the  subsequent  rise  of  the  laboratory  was  the 
exploring  and  surveying  expedition.  These  joint  militaty-civilian 
enterprise*  not  only  were  mounted  to  achieve  very  practical  and 
tjict'ifie  ends  hut  they  alto  were  major  (ontrihutors  to  basic  science 
across  a  wide  band  of  disciplines.  To  take  just  one  example,  the 
botany  of  New  Mexico  was  brought  into  the  purview  of  interna¬ 
tional  science  within  a  few  yean  after  I84t»  because  civilian  collec¬ 
tors,  representatives  ul  the  leading  botanists  of  the  d»y  accompanied 
the  troo|»*  which  came  to  the  area  with  the  outlueak  of  the  Mexican 
War.  Augustus  Fcndler  came  with  a  detachment  of  the  Army  along 
the  route  of  the  Santa  Ke  Trail.  Charles  Wright  reached  El  Paso 
with  a  military  wagon  tiain  shortly  afcrrwatd.  The  Mexican  Bound 
ary  Survey*  which  followed  on  the  Treaty  of  Cuadaloupr  Hidalgo 
and  the  railroad  surveys  of  the  mid  1850's  brought  more  collectors 
to  the  region  as  part  of  civilian  military  teams  manned  on  the 
Army  side  by  a  group  which  specialircd  in  scientific  exploration— 
the  Corps  of  I  biographical  Engineers. 

After  the  Civil  War  the  exploring  and  turveying  expedition  at  a 
scientific  institution  tended  to  break  up.  This  change  enables  one 
to  speak  of  the  decline  of  science  in  die  military  in  the  late  nine¬ 
teenth  century  without  implying  that  a  weapoiu-oi iented  research 
establishment  would  not  be  rising  in  the  twentieth  century.  The 
replacement  of  the  rival  surveys  of  the  !87l>'s-some  of  them  mili 
tar y  -with  the  {•cimancm  civilian  scientific  agency,  the  United 
Slates  Geological  Survey,  makes  1879  a  landmark  date  in  the  shift. 
The  transfer  of  meteorological  research  from  the  Armv  Sienal  Corn* 

o  r  u  i 

to  the  Department  of  Agriculture  in  1890  is  a  similar  indication  of 
the  change. 

With  the  dawn  of  the  twentieth  century,  a  ipatr  of  articles  ap 
pea  red  bemoaning  the  state  of  basic  science  in  America  as  compared 
to  western  Europe.  Yet  the  very  discussion  of  supposed  American 
inferiority  was  an  indication  chat  American  science  was  maturing. 
The  growth  of  laboratories  and  of  universities  with  their  specialized 
departments  as  we  know  them  today  provided  the  characteristic 
locus  of  scientific  activity  in  place  of  the  exploring  and  surveying 
expedition.  The  domino  it  place  which  biology  had  achieved  among 
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the  disciplines  in  the  wake  of  the  Darwinian  revolution  became 
attenuated  by  the  rise  of  chemistry  and  to  a  lesser  degree  physics 
as  the  most  prestigious  sciences. 

World  War  I  was  a  major  shock  to  American  science.  Even  in 
1914  the  realization  dawned  that  the  United  States  had  remained 
deeply  dependent  upon  Europe  not  only  for  ideas  but  also  for  ap¬ 
plications,  particularly  in  the  fields  of  chemistry  and  optical  glass. 
The  technical  services  of  the  American  military  had  to  begin  their 
effort  to  apply  science  to  twentieth-century  weaponry  from  a  stand¬ 
ing  start.  Under  the  aegis  of  the  National  Research  Council,  cre¬ 
ated  in  1916,  American  science  reoriented  itself  into  the  pattern 
which  foreshadowed  its  military  role  after  1940.  Yet  World  War  I 
was  for  American  scientists  an  incomplete  experience.  And  the  most 
farseeing  leaders  were  looking  beyond  the  war  itself  even  before 
American  entry  in  1917.  George  Ellery  Hale  had  an  international 
objective  in  mind  in  establishing  the  National  Research  Council. 
American  leadership  was  important  in  setting  up  the  International 
Research  Council— the  precursor  of  1CSU,  the  International  Council 
of  Scientific  Unions— just  as  the  nation  as  a  whole  was  withdrawing 
from  international  cooperative  action  in  the  League  of  Nations. 

In  the  inter-war  years  between  1920  and  1940  the  scientific  com¬ 
munity  in  the  United  States  took  on  characteristics  which  peopl", 
not  considered  old,  can  still  remember,  and  which  some— especially 
those  who  think  that  the  deprivations  of  an  economic  depression 
strengthen  character— look  back  upon  as  a  golden  age.  An  unno¬ 
ticed  contrast  underlay  the  appearance  of  an  interr  ttiona!  scientific 
community  and  the  reality  of  increasingly  nationalistic  foundations 
for  science  support.  Because  communication  across  national  bound¬ 
aries  became  easy  in  the  1920's,  many  scientists  could  fancy  them¬ 
selves  men  who  knew  no  nation  but  their  own  scientific  discipline. 
Yet  the  rise  of  Hitler  was  to  demonstrate  how  fragile  the  interna¬ 
tional  community  actually  was. 

In  the  United  States  the  four  sectors  of  science  support  within 
the  nation  achieved  both  balance  and  a  clear  division  of  labor.  The 
universities,  inuustry,  the  government,  and  the  private  foundations 
had  some  sense  of  the  role  to  be  played  both  by  themselves  and 
by  the  others.  The  universities  weie  the  home  of  advanced  training 
and  basic  research.  Industry  provided  a  home  for  applied  research 
in  laboratories  organized  and  financed  by  corporations.  The  gov- 
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ernment  supported  more  research  in  absolute  terms  than  ever,  but 
it  limited  itself  to  supporting  its  own  missions  by  investigations  done 
in  laboratories  within  its  own  walls.  The  private  foundations,  grown 
large  on  the  concentrations  of  wealth  put  together  in  the  late  nine¬ 
teenth  century,  played  a  major  facilitating  role  in  the  government 
and  university  sectors,  as  well  as  mounting  research  efforts  in  di¬ 
rectly-supported  laboratories.  Alone  of  the  four  sectors,  the  foun¬ 
dations  had  significant  ties  with  the  other  three.  The  bonds  between 
the  government  and  the  universities  were  particularly  weak. 

In  the  late  1930’s  American  science  showed  its  maturity  by  pro¬ 
viding  opportunities  for  the  refugees  coming  over  from  the  shadow 
of  Naziism.  These  men  recognized  earlier,  and  more  clearly  than 
most,  both  the  involvement  of  American  science  as  such  in  the 
crisis  and  the  need  for  binding  the  sectors  of  support  together  in  a 
single  great  establishment  directed  to  national  ends. 

II.  THE  FOREGROUND 

A  Historian's  Reflections  on  American  Science  since  HHO 

The  Office  of  Scientific  Research  and  Development— the  OSRD- 
was  the  nearest  thing  to  a  true  central  science  organization  it;  all 
of  American  history.  In  binding  together  all  the  sectors  of  science 
support  in  the  immediate  interest  of  the  war  effort  it  incidentally 
created  a  new  system  of  American  science.  Its  binding  of  the  uni¬ 
versities  and  industrial  research  to  the  government  has  continued 
even  after  the  demise  of  the  agency  itself.  The  four  major  leaders 
of  the  OSRD-Vanncvar  Bush,  Janies  B.  Conant,  Frank  B.  Jewett, 
and  Karl  1'.  Compton-gained  their  extraordinary  hold  over  Amer¬ 
ican  science  not  because  of  their  personal  qualities-however  im¬ 
pressive  these  were— but  because  among  them  they  represented  all 
the  major  interests  in  American  science  and  had  standing  in  all 
the  sectors.  The  decisions  trammeled  out  by  the  OSRD  became 
precedents  which  shaped  the  structure  of  American  science.  The 
contract  not  only  brought  the  universities  and  industrial  labora¬ 
tories  into  the  service  of  the  government  but  defined  many  import¬ 
ant  roles,  such  as  that  of  the  contracting  institution  and  of  the 
principal  investigator.  It  established  the  principle  ol  no  loss  and 
no  gain  for  non  profit  contractors  and  thus  incidentally  created  the 
necessity  for  determining  indirect  costs.  It  determined  the  concern 
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tration  and  dispersion  both  of  personnel  and  facilities  purely  on 
the  basis  of  need,  thus  bequeathing  both  a  geographical  imbalance 
of  research  facilities  and  a  rationale  for  continuing  it  on  the  post¬ 
war  structure.  It  adopted  a  posture  of  independence  from  the  mili¬ 
tary  but  in  practice  carefully  geared  itself  to  the  needs  of  weaponry, 
not  to  basic  research.  Nothing  illustrates  mon  clearly  the  adminis¬ 
trative  ingenuity  of  the  OSRD  than  the  skill  with  which  it  spun 
off  the  Manhattan  Project  to  the  Army  without  at  the  same  time 
losing  touch  with  it. 

At  the  end  of  the  war  in  1945,  as  the  accomplishments  of  the 
scientists  came  into  view,  science  policy  divided  itself  into  two 
spheres.  The  one  which  immediately  engaged  the  attention  of  the 
whole  world  was  the  sphere  of  atomic  energy.  This  policy  area  has  its 
own  dynamic  which  stemmed  from  its  problem— the  bomb.  Hence 
it  had  its  own  relation  to  international  policy,  national  policy,  and 
to  science.  It  had  its  own  laboratories— the  national  laboratories— 
and  its  system  of  scientific  information.  It  even  had  its  own  organized 
loyal  opposition,  a  role  played  by  a  segment  of  the  scientific  com¬ 
munity.  The  great  storms  of  this  policy  area  arose  over  the  creation 
of  a  national  atomic  energy  agency  and  over  international  control. 

All  of  the  excitement  over  the  McMahon  Bill  and  Baruch  Plan 
tended  to  obscure,  however,  the  other  great  sphere  of  science  policy, 
the  development  of  a  national  system  of  government  science  sup¬ 
port  in  all  the  sectors.  The  Bush  report,  Science,  the  Endless  Fron¬ 
tier,  put  forward  in  July  1945,  just  before  the  atomic  explosion  near 
Alamogordo,  contained  a  plan  for  a  comprehensive  national  science 
agency.  Its  national  research  foundation  not  only  provided  for  gov¬ 
ernment  support  of  basic  research  in  the  universities  by  using  the 
techniques  of  the  OSRD;  but  it  also  envisaged  medical  and  military 
research  support  under  the  same  roof.  Without  the  priority  of  the 
atomic  energy  policy  r.rea,  legislation  for  a  National  Science  Foun¬ 
dation  failed  of  passage  in  1946,  and  the  opportunity  of  the  recon¬ 
version  period  passed. 

In  place  of  a  comprehensive  foundation  a  variety  of  agencies 
created  a  multiple  system  of  support  by  applying  the  methods  of 
the  defunct  OSRD  to  basic  research.  The  National  Institutes  of 
Health  got  a  start  as  the  primary  locus  of  medical  research  with 
the  help  of  the  OSRD's  medical  contracts,  which  were  transferred 
from  the  Committee  on  Medical  Research.  The  military,  organized 
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after  1947  into  the  Department  of  Defense  with  its  own  Research 
and  Development  Board,  found  it  necessary  to  support  basic  re¬ 
search  in  the  universities  at  the  same  time  that  it  strove  to  keep  its 
in  house  laboratories  alive  for  weapons  problems.  The  Office  of 
Naval  Research  and  its  counterparts  in  the  Army  and  Air  Force 
had  firmly  established  the  pattern  of  support  for  basic  research  in 
the  universities  long  before  the  National  Science  Foundation,  shorn 
of  some  of  the  functions  envisaged  for  it  in  1945,  came  into  existence 
in  1950,  after  five  years  of  legislative  maneuver. 

By  the  opening  of  the  1960's  it  had  become  apparent  that  the 
new  national  system  of  science  support  was  a  permanent  feature 
of  American  life,  and  people  began  to  ask  the  question,  "How  has 
science  fared  under  it?"  The  myriad  answers  which  have  been 
given  tend  to  exhibit  either  an  optimistic  or  a  pessimistic  tendency. 
Tne  optimists  point  not  only  to  the  accomplishments  in  nuclear 
physics,  but  also  to  those  in  biology  and  medicine  and  nearly  every 
other  discipline,  and  say,  "What  I  have  seen  in  the  past  twenty 
years!"  The  great  number  of  scientists,  their  equipment,  their  pub¬ 
lications,  make  the  United  States  the  metropolis  of  one  of  the  great 
ages  in  the  whole  history  of  science. 

Those  who  take  the  gloomy  view,  on  the  other  hand,  fear  that 
creativity  has  gone  out  of  big  science.  The  team  and  the  factory 
atmosphere  seem  to  the  pessimists  to  have  lowered  the  position  of 
the  scientist  and  sapped  his  individuality.  Science  has,  by  the  very 
opulence  of  its  support  and  by  the  confinement  that  comes  with 
practical  missions  for  research,  been  corrupted.  Large  projects  can 
grind  out  expected  answers  in  any  detail  desired,  but  the  soaring 
generalizations  of  a  Newton  and  a  Darwin  are  no  longei  possible. 

A  line  of  research  that  is  peculiarly  characteristic  of  the  age  of 
the  national  system  of  research  is  the  space  effort.  It  is  necessarily 
a  huge  team  effort,  and  basic  research  is  essentially  dependent  on 
technology  to  make  the  probing  of  space  above  the  earth’s  atmos¬ 
phere  possible  at  all.  Hence  a  corollary  of  the  gloomy  view  is  that 
American  science  made  a  wrong  turn  for  political,  which  means  in 
this  context  unworthy,  reasons  when  it  went  strongly  for  space  re¬ 
search  and  especially  when  it  committed  itself  to  manned  space 
flight.  Indeed,  most  of  space  flight  is  not  science  but  technology, 
and  though  it  has  a  value  for  science,  the  cost  both  in  money  and 
manpower  is  completely  disproportionate. 
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One  reason  foi  this  widely  held  judgment  is  that  the  scientific 
community  has,  since  the  late  nineteenth  century,  come  to  think  of 
itscll  not  as  engaging  in  exploration  but  in  research.  It  has  come 
to  consider  the  essential  home  of  science  as  the  laboratory,  forget¬ 
ting  in  the  accomplishments  of  controlled  experiment  that  many 
of  science's  great  triumphs  of  the  past  took  place  within  the  tradi¬ 
tion  of  the  exploring  and  surveying  expeditions. 

The  true  precedent  for  space  exploration  in  several  past  centuries 
was  the  probing  of  the  great  reaches  of  the  Pacific  Ocean  which  lay 
south  of  the  latitude  of  Acapulco— the  route  of  the  Manila  galleon— 
and  between  the  coast  of  South  America  and  the  East  Indies.  A  lit¬ 
tle  was  known  of  the  area  from  the  time  of  Magellan,  but  the 
delivery  systems,  the  ships,  were  so  near  the  limit  of  their  capabili¬ 
ties  that  the  technology  of  just  getting  there  from  Western  Europe 
and  getting  hack  took  up  nearly  all  of  resources  alloted  to  the 
exploration.  Only  in  the  eighteenth  century,  when  the  scientific 
corps  was  organized  as  a  separate  entity  on  the  major  expeditions, 
did  research  in  the  South  Pacific  area  begin  to  yield  data  for  basic 
research  across  a  spread  of  disciplines  in  both  the  physical  and 
biological  sciences.  The  military  was  still  necessary  not  only  to 
provide  escort  but  also  to  furnish  scientific  skill  unavailable  from 
civilian  sources.  The  technological  side  of  the  combination  re 
mained  important.  Indeed,  one  of  the  most  intractable  problems 
lay  in  the  field  of  guidance  systems  -how  to  determine  longitude. 
And  the  military  in  general  remained  in  command.  The  few  times 
when  scientists  such  as  Edmund  Halley  were  placed  in  command  of 
naval  vessels  turned  out  to  be  disasters.  Captain  James  Cook  was 
quite  capable  of  leaving  Sir  Joseph  Banks  at  home  when  the  scien 
list  required  alterations  to  the  ship  to  accommodate  his  cabinet 
which  impaired  the  sailing  qualities  of  the  Endeavour. 

In  one  sense  the  late  eighteenth  century  marked  the  culmination 
of  the  multi<liscipline  exploration  of  the  South  Pacific  space.  Cap¬ 
tain  Cook  carried  out  his  mission  of  contributing  to  the  worldwide 
network  of  observation  posts  for  the  r.vice-in  a  lifetime  opportunity 
to  see  and  measure  the  transits  of  Venus  across  the  face  of  the  sun. 
He  exploder!  the  myth  of  a  great  southern  continent  extending  iu 
promontories  into  low  latitudes  and  offering  commercial  and  mili¬ 
tary  possibilities.  Banks  and  others  contributed  to  the  knowledge 
of  the  flora  and  fauna  and  geology  of  a  vast  segment  of  the  earth. 
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Yet  the  deeper  meanings  of  the  data  which  the  gTeat  expeditions 
collected  largely  escaped  Cook's  generation.  In  the  1830's  a  surveying 
ship,  working  alone  and  virtually  without  adventure  to  mop  up  the 
details  of  geography  and  hydrography  of  the  area,  //.  M.  S.  Beagle, 
managed  to  occasion  one  of  the  major  breakthroughs  in  the  whole 
history  of  science.  Charles  Darwin  had  the  insights  which  led  to  his 
theory  of  organic  evolution  while  visiting  the  Galapagos  Islands, 
but  the  data  on  which  his  work  ultimately  rested  was  the  work  of 
many  generations  of  explorers  who  made  it  possible  to  correlate 
the  distribution  of  plants  and  animals  with  the  geology  of  con¬ 
tinents  and  islands.  The  age  of  Cook,  some  of  whose  reasons  for 
supporting  space  research  were  rewarded  with  only  negative  results, 
could  not  foresee  the  work  of  Darwin  as  the  finest  fruit  of  their 
investment. 

Thus  if  space  research  is  considered  not  as  an  unwelcome  de¬ 
parture  from  the  laboratory  tradition  but  rather  as  an  extension  of 
the  multidiscipline  surveying  and  exploring  expedition  so  familiar 
in  the  nineteenth  century,  it  can  be  seen  to  have  a  continuity  with 
the  past.  The  necessity  to  adapt  the  experiment  to  the  technology 
of  the  delivery  system  is  not  a  new  thing.  The  participation  of  the 
military  and  the  requirements  of  command  were  familiar  to  scien¬ 
tists  of  another  day.  The  joining  of  practical  missions  to  basic  re¬ 
search  and  curiosity  concerning  the  unknown  was  quite  familiar 
to  Cook  and  Bougainville.  Although  the  same  disciplines  arc  not 
involved  in  quite  the  same  mixture,  exploration  has  long  been  a 
team  effort  both  among  disciplines  and  between  scientists  and  prac¬ 
tical  men.  The  demand  that  major  results  be  predictable  before  the 
effort  can  be  judged  scientifically  worthwhile  can  he  no  more  met 
today  than  to  have  expected  Captain  Cook  to  predict  the  theories 
of  Darwin.  We  are  at  the  beginning  of  a  new  age  ol  exploration. 
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II.  The  Concept  of  Mathematics 
Historically  Surveyed 

Morris  Kline 


Introduction 

I  propose  to  present  not  the  latest  technical  results  hut  rather  a 
broad  account  of  the  nature  of  mathematics  and  of  its  relation  to 
science  as  we  understand  these  matters  today.  By  the  nature  of 
mathematics  1  mean  the  very  concept  of  a  unique  subject  called 
mathematics,  presumably  distinct  from  any  other  scientific  or  hu- 
manistic  corpus.  Two  distinguishing  characteristics  of  mathematics 
have  been  accepted  in  the  past  as  paramount.  The  first  is  its  method 
ology  and  the  second  is  its  claim  to  truth.  Its  subject  matter  is  also 
different  from  that  of  other  fields  but  I  shall  not  consider  this 
feature.  I  propose  to  show  you  that  the  logic  has  always  been  in 
a  somewhat  soiry  slate  and  never  more  so  than  today.  And  I  shall 
also  show  you  that  there  isn't  a  word  of  truth  in  mathematics.  More¬ 
over,  at  the  present  time  the  status  of  mathematics  as  a  distinc  t  sub¬ 
ject  is  so  unclear  that  the  mathematical  anti  scientific  worlds  face  a 
dilemma,  a  dilemma  which  threatens  the  very  existe  nce  of  mathemat¬ 
ics  and  jxjses  grave  cjuestions  for  science. 

1  believe  it  will  be  most  helpful  to  adopt  a  historical  approach. 
Apart  from  some  inieicstiiig  facts  about  the  history  itself,  this  ap¬ 
proach  will  enable  us  to  see  how  the  traditional  concept  of  mathe¬ 
matics  arose,  to  what  extent  it  has  been  correct,  and  what  recent 
events  have  forced  a  reevaluation. 

Thk  Babylonian  and  Egyptian  Period 

The  phenomenon  of  mathematics  is  found  in  just  a  few  of  the 
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huiichcds  of  earlier  civilizations.  hgypt,  Babylonia  and  China.  I 
shall  ignore  the  <li-vt’l(>j>niciit  in  China  piimaiily  Ihm  .iiivc  it  had  no 
influence  on  the  main  sticam  of  activity.  As  for  Lgypt  and  Bain Ionia 
the  mathematics  tliat  did  exist  there  from  alxriit  •1000  B.C.  to  .100 
BA.',  ((insisted  of  some  simple  aritlmictii.  the  beginnings  of  algebra 
and  a  few  gcoiuctiic  roles  fm  Imding  the  |>eriineieis,  aieas  and 
volumes  of  simple  figures.  One  t  an  hardly  say  that  thete  was  a  sub¬ 
ject  called  mathematics  which  was  puisued  as  a  distimt  body  of 
thought.  All  of  the  mathematics  was  just  a  handy  tool  to  make 
calculations  needed  in  ((institution  projects,  taxation,  commercial 
transactions  and  agriculture.  The  (omepts  were  drawn  directly  from 
cxpericiue  and  tile  com  lusitmy  wete  n  toilet  lion  of  empiiital  titles 
and  piotetlurcs  whit  It  prodtuctl  the  desired  quantities  and  which 
worked. 

Thk  Classical  Grkfk  Pkriod 

The  people  wlu>  cieatcd  matlirmaiii s  in  the  sense  in  whith  it  is 
commonly  understood  were  the  Greeks  of  the  classical  |>criod,  the 
jrcruxl  from  tiOO  to  100  B.C.  The  first  great  contribution  of  the 
Greeks  was  to  supply  the  logical  structure  of  mathematics.  They 
insisted  that  all  pioofs  of  mathcmatual  formulas,  piocedurcs,  and 
assertions  must  he  deductive.  Thus,  Kuclidcan  geometry,  which  is 
one  of  the  masterworks  of  the  classical  Greeks,  is  piesemed  deduc¬ 
tively.  The  gicat  virtue  of  deductive  proof  is  that  the  conclusions 
are  unquestionahle  if  one  accepts  the  picmises.  I  he  lielief  that 
mathematical  conclusions  are  unassailable  derives  from  the  use  of 
deduc  tive  proof. 

It  is  important  to  appreciate  how  radical  the  insistence  on  de¬ 
ductive  proof  was.  SupjMisc  a  scientist  should  measure  the  sum  of 
the  angles  of  a  hundred  different  triangles,  in  dillcieni  locations 
and  ol  different  si/cs  and  shajies,  and  find  that  tlie  sum  is  180  de¬ 
grees  to  within  the  limits  of  cx|K'i internal  accuracy.  Surely  he  would 
conclude  that  the  sum  of  the  angles  of  any  triangle  is  180  degrees. 
But  his  pi  oof  would  not  lie  deductive  and  would  not  therefore  lie 
mathematic  ally  acceptable.  Likewise  one  can  test  as  many  even 
iHimlxis  as  lie  pleases  and  he  will  find  that  each  is  a  sum  of  two 
piimc  munlreii.  But  this  test  is  not  a  deductive  proof  ami  so  the 
result  is  nut  a  theorem  of  mathematics.  Deductive  proof  is,  then, 
a  very  stringent  requirement. 
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But  the  Greeks  writ  aftei  fat  more  than  imjxccable  proofs.  They 
•ought  truths,  especially  truths  about  the  universe.  Since  they  be¬ 
lieved  that  the  universe  is  mathematically  designed,  a  belief  cpitom 
ired  in  Plato's  "(Joel  eternally  grunietri/rs,"  the  truths  almut  the 
universe  would  lie  mathematical.  How  tould  one  obtain  these 
truths?  If  one  could  start  the  chain  of  deductive  proofs  with  prem¬ 
ises  or  axiom*  that  were  truths,  then,  since  deductive  leasoiiiug  gives 
necessary  consequent es,  these,  too.  would  l>c  truths.  Fortunately  the 
Greeks  readily  obtained  sonic  self  evident  truths  width  served  as 
axioms.  It  was  self-evident  that  two  jioiiiis  determine  a  line,  that 
aii  tight  aiiplci  me  equal,  that  equals  adtled  to  equals  give  equals, 
and  so  on.  Fioin  these  truths  they  deduced  olheis.  Thus  the  second 
great  distinguishing  feature  of  mathematics  was  established.  Mathe¬ 
matics  gives  mitli  about  the  universe.  At  the  same  time  the  telalion- 
ship  to  science  was  established.  Mathematics  became  pan  of  the 
scientific  effort  to  understand  (he  physical  world. 

The  Greeks  insisted  on  the  rigorous  establishment  of  mathematics 
from  self-evident  truths.  But  they  ran  into  a  major  difficulty.  In  the 
course  of  their  work  on  nundxr  and  geometry  the  Pythagoreans, 
a  famous  group  ol  mathematician  philosophers,  encountered  in* 
tional  numbers.  These  arose  through  the  application  of  the  Py¬ 
thagorean  theorem  itself,  which  says  that  the  square  of  the  hyjmte 
nuse  of  a  tight  triangle  equals  the  sum  of  the  squares  of  the  sides. 
Thus  if  the  sides  are  each  I  unit  long  chen  the  length  of  the  hypote¬ 
nuse  is  \J'l,  and  such  numbers,  as  the  Pythagoreans  proved,  cannot  lie 
expressed  ss  a  ratio  of  whole  numbers.  Now  the  Egyptians  and  the 
Babylonians  had  encountered  square  loots  and  with  no  further 
thought  approximated  them.  But  the  Greeks  wete  more  meticulous. 
To  them  number?  meant  whole  numbers  and  iatios  of  whole  num¬ 
bers  and  since  \/2  was  neither,  it  could  not  lx  a  number.  The  Greek 
resolution  of  this  difficulty  was  to  refuse  to  recognize  irrationals,  such 
as  \J2,  ^2,  and  \Jb  as  numbers  but  to  treat  them  as  lengths,  areas 
and  volumes,  Thus  if  one  states  the  Pythagorean  theorem  as  the 
square  on  the  hypotenuse  of  a  right  triangle  equals  the  sum  of  the 
squares  on  the  other  two  sides,  one  has  a  statement  about  areas  of 
geometrical  figures  in  which  no  numbers  enter.  Consequently, 
though  whole  numbers  and  ratios  of  whole  numbers  were  treated 
arithmetically  the  main  body  of  c  lassical  Greek  mathematics  become 
geometrical. 
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The  Airx andrian  Greek  World 

The  charactci  ami  even  the  lot  at  inn  of  the  Gi'-ek  rtiliiiic  wai 
drastically  alterril  in  the  hit  quaitcr  of  the  foinili  century  B.G.  by 
the  conquests  amt  maneuvci  i  of  Alexander  the  Great.  After  he  had 
eonqueied  Greece,  Egypt  ami  the  Near  bast,  he  decided  to  found 
a  new  capital  for  his  world  ami  lie  and  his  successors  built  the  city 
of  Alexandria  in  Egypt.  1  here  the  classical  (.trek  and  the  older 
Egyptian  and  Babylonian  civilizations  merged. 

The  classical  Greeks  had  sought  to  understand  nature  but  they 
were  satisfied  with  the  qualitative  understanding  which  geometiy 
afforded.  The  practical  uses  of  mathematics  in  constiuciHsn,  naviga 
lion,  calendar  reckoning,  commerce  and  finance  were  of  no  interest 
to  these  philosopher-mathematic ians  However,  the  Atcxamli ians, 
influenced  by  the  more  ptac  tic  ally  minded  Egyptians  ami  Babyloni¬ 
ans,  put  (be  sciences  to  use.  In  the  Alexandrian  |>rriod  a  quantiia 
live  astronomy  applicable  and  applied  to  calcntlai  reckoning,  the 
measurement  of  time  and  navjga>!on  was  developed  and,  in  fact, 
culminated  in  the  remarkably  accurate  Ptolemaic  theory.  Meehan 
ical  devices,  applied  optics,  geography,  pneumatics  and  hydrostatics 
were  pursued. 

Applied  science  ami  rngmceiing  must  Ire  quantitative.  When  a 
ship  at  sea  wishes  to  know  its  location,  it  wishes  to  know  it  lurnrrr- 
itally  in  terms  of  degrees  of  latitude  and  longitude.  To  construct 
effectively  buildings,  bridges,  ships  and  dams  one  must  know  the 
quantitative  measures  of  lengths,  aieas,  volumes  and  masses  to  be 
employed  so  (hat  die  parts  will  fit  nicely;  in  fact  (his  quantitative 
knowledge  must  usually  be  obtained  before  the  construction  is  un 
drrtakeu.  And  so  we  fir.d  in  Alexandria  that  the  geometry  was 
tievoteu  to  the  derivation  of  algebraic  formulas  for  lengths,  areas, 
and  volumes.  To  develop  a  quantitative  astronomy  Hipparchus  and 
Ptolemy  had  to  create  trigonometry,  which  consists  of  geometry  and 
algebra.  Hence  arithmetic  and  algebra  assumed  equal  importance 
with  geometry. 

But  the  arithmetic  and  algebra,  which  were  taken  over  from  the 
Egyptians  and  the  Babylonians,  had  no  logical  foundation.  The 
Alexandiian  Greeks  adopted  (he  Egyptian  and  Babylonian  attitude. 
Irrational  numbers  such  as  *,  \/2,  V3  and  the  like  were  curd  un¬ 
critically  and  approximated  where  necessary.  The  mathematicians, 


■a 


I  <  SCIENCE  IN  THE  SIX  TIES 

notably  Heron,  Hipparchm,  Ptolemy  and  even  Archimedes,  did  not 
hesitate  to  uve  irrationals  freely.  'I  Ini*  algrhta,  which  is  of  comve  no 
more  tli.m  generalized  aiithmeuc,  was  revived  at  an  empirical  iii- 
eme. 

The  eonient  of  mathematics  now  comprised  geometry  ami  alge¬ 
bra.  Though  the  geometry  still  dominated,  the  algebra  was  no 
longer  negligible.  Moreover.  ftoin  the  >tand|>oint  ol  tile  logic,  the 
situation  was  peculiar,  The  geometry  was  deductive  and  rigorously 
foil  tided  on  self-evident  axioms.  The  arithmetic  and  algebra  were 
based  on  intuitive  and  empirical  gmuiicN,  And  despite  the  sharply 
different  bases  for  these  scveial  subjet  ts  the  clavucal  (ircck  convic¬ 
tion  that  mathematics  is  ’ruth  about  the  quantitative  anti  geo¬ 
metrical  Irrhavior  of  natuie  still  prevailed. 

Tin  Hindu  and  Akabii:  Cunihibi  l  ions 

The  Alexandrian  (.reek  civilization  was  wi|>ecl  out  by  Roman, 
Christian  and  Moslem  destroyers,  and  the  torch  of  mathematics 
was  taken  up  by  the  Hindus  anti  the  Arabs.  both  of  whom  trained 
much  finui  the  Ctecks.  We  shall  not  lake  the  time  to  discuss  these 
civilizations  in  detail.  The  significant  mathematical  developments 
arc  the  Hindu  contributions  of  zero  ami  negative  numbers. 

From  the  standpoint  of  the  logic  of  mathematics  the  outstanding 
fact  is  that  both  |ienplcs  worked  lieely  with  all  ty|>cs  of  numbers, 
particularly  irrational  and  negative  numbers,  by  relying  ii)k>ii  in¬ 
tuitive  ami  physical  arguments  os  by  reasoning  by  analogy.  For 
example,  since  \/9  •  \1ti  =_  y'l-H,  the  Hindus  and  Arabs  did  not 
hesitate  to  state  that  y'2  •  y'3  —  y'b.  I  he  willingness  uf  these  jieople, 
somewhat  like  the  Egyptians  and  Babylonians,  to  be  guided  by 
heuristic  arguments  is  striking  because  it  shows  again  how  the 
civilization  determines  the  character  of  the  mathematics.  By  this 
time,  roughly  1000  A  D.,  algebra  certainly  cont|>etccl  with  geometry 
in  extent  and  so  we  face  the  peculiar  situation  that  about  half  of 
mathematics  was  rigorously  established  while  the  other  half  re¬ 
mained  a  series  of  Miles  ami  procedure*  with  no  logical  basis. 

Tilt  RlNAISVANcr  AND  F.AB1.V  SlVlNltiNIII  ClNIC  RV 

l'h rough  a  series  ol  histoiical  events  which  we  cannot  trace  here 
the  F.u'  jpcau  civilization  not  only  was  established  hut  also  acquired 
the  Hindu,  Arabic  and  (.reek  mathematics,  the  deductive  geometry 
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ami  (hr  cinpiiital  algrbi.i.  Hy  1  !>tH)  l.u tojx"  was  cijiiip|xd  to  make 
itiiiiiiliiitiiim ill  in  own. 

1  hr  hiuojM  aiii  hail  the*  same  rlillii  ultus  in  gi.oping  the  iiiaitonal 
tiumlxi  v> hull  ihr  tlassital  (iierh  ix|X’ii<mctl  ami  had  the  addi¬ 
tional  cotnpliiatioii  of  ahsothiiig  negative  mimlx-ts  Then  jxrrplex- 
ity  in  (hr  caw  of  thr  iii.Mmnals  is  well  illustrated  l»y  (lie  follow¬ 
ing  I  mi  n  ks  of  Mithacl  Mi  (cl,  a  |>ioiiiiiien(  (initial*  algi-ht  ant  of 
(he  Kith  tenuity,  lie  it  < omulci mg  irrationals  at  detimalt  and 
says.  “Simr,  in  proving  geiiineuii.il  hgiurs.  when  laiimial  iinin 
bers  fail  nt  iiiationul  iminlnis  take  (lien  |>l.ur  ami  |>iove  exactly 
those  things  whit  It  lational  iiiiuibcii  timid  not  |>io\e,  .  .  .  sve  air 
moved  and  < oni|>rllrit  to  asteti  that  they  tiuly  air  niinilicit,  mm 
|*rllr<l.  that  it,  hy  the  letultt  w  It  it  It  follow  fiont  then  use -results 
•huh  we  (Hiicive  to  Ik  teal,  mt.iiii,  and  tomtaiit.  On  the  other 
hand,  other  toinidciations  toni|xl  ns  to  deny  that  iriatinnal  mini 
bets  arc  ihiiii!>cij  at  all.  To  wit,  when  wc  seek  n>  snlijrtt  them  to 
numeration  (decimals)  .  .  .  we  find  that  they  flee  awav  |Ht|<tn,illy, 
so  that  not  one  of  them  tan  Ik-  a|>|>ieht  titled  pi  (lively  ill  itself.  .  .  . 
Now  that  <  annul  lx-  tailed  a  tine  nunilxi  wliith  it  of  mi  li  nature 
that  it  links  precision.  Therefore,  just  as  an  infinite  immlx’i  is 
not  a  limn! wo,  to  an  itiational  tstitithei  it  mu  a  tine  nnmhci.  hot 
lies  hidden  in  a  t  loud  ol  infinity."  Then  Stifel  aigttrs  that  teal 
iinmlx'it  ate  eithet  whole  mimlx'is  ot  fiattions  and  i  bvioiisly  ir- 
taiionalt  ate  neitliei;  heme  they  ate  not  teal  iionilxis.  In  the 
seventeenth  tenuity  Blaise  I’astal  and  Isaat  Baitow  said  that,  for 
example,  y.'t  tail  lx-  only  a  gcomctiit  inagniliitlc.  Ittatiotial  mini 
fxrs  have  no  existent e  imlcjxndciit  of  ttmtinuoiis  geometric  tnagni- 

(UUt  . 

Negative  inmilx’is  were  equally  intoin|>it’hensihle.  Side!  tailed 
negative  numbers  absurd  ami  the  fust  gtcat  Kmo|x’au  algebraist, 
Jerome  Catilan,  tailed  them  (tuitions,  htamois  Vieta,  the  founder 
of  modern  algebra,  rrjrrtnl  them  and  Rene  Descartes  tailed  nega¬ 
tive  roots  of  equations  false.  All  soils  of  atguutents  weic  given  even 
as  late  as  the  eighteenth  tenuity  to  show  that  negative  miml>eis 
make  no  sense. 

To  cap  these  Uouhlcs  Caitlan  in  his  famous  foimula  for  the  solu- 
iioii  tif  ihittl  dcgice  etjiiations  inirtxluted  complex  nmnlx’is.  He 
remarks  that  they  ate  ”so|diistit  (juamities  whit  It,  though  ingenious, 
were  unless,"  despite  the  fait  that  when  the  roots  arc  real  and 
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distinct  they  are  still  given  by  cube  roots  of  complex  numbers.  The 
algebraist  Raphael  Bombelli  called  complex  numbers  senseless 
while  Descartes  coined  the  term  imaginary  numbers,  which  indicated 
his  opinion  of  them.  Even  Isaac  Newton  did  not  regard  complex 
nu  bers  as  significant  because  they  had  no  physical  meaning.  As  in 
the  case  of  negative  numbers  and  irrational  numbers  all  sort'  of 
arguments  weie  given  to  show  the  meaninglessness  of  complex  num¬ 
bers. 

But  the  Europeans  had  to  reckon  with  science.  From  about  the 
year  1500  onward  science  and  the  application  of  scientific  knowledge 
to  engineering,  navigation,  military  affairs,  industry  and  social 
problems  began  to  dominate  the  European  civilization.  Even  in  the 
sixteenth  century  the  activity  in  astronomy,  highlighted  by  the  work 
of  Copernicus  and  Kepler,  the  problems  raised  by  the  great  ex¬ 
plorations,  the  work  in  optics  stimulated  by  the  invention  of  the 
telescope  and  microscope,  the  study  of  projectile  motion  in  behalf 
of  the  increasing  use  of  cannons,  and  the  investigation  of  magnetism 
loomed  large  in  the  European  scene.  The  relevance  of  the  vast  ex¬ 
pansion  of  science  for  our  subject  is  that  effective  scientific  work, 
particularly  applied  science,  as  we  noted  in  connection  with  the 
Alexandrian  Greeks,  calls  for  quantitative  knowledge.  In  addition, 
a  new  concept  of  scientific  method,  formulated  by  Galileo  and  most 
fruitfully  applied  by  Newton,  called  for  the  description  of  physical 
phenomena  by  means  of  functions  and  the  study  of  these  phenomena 
by  mathematical  work  with  functions.  This  methodolgy  of  course 
put  primary  emphasis  on  quantitative  relationships. 

To  cope  with  the  growing  scientific  activity  the  mathematicians 
not  only  used  irrational,  negative  and  complex  numbers  but  put 
forth  new  creations  in  arithmetic  and  algebra.  This  was  the  period 
in  which  logarithms  were  created  to  speed  up  the  calculations  of 
astronomers.  In  this  period  the  main  body  of  the  algebra  taught 
in  our  high  school  and  elementary  college  courses  was  created  by 
Cardan,  Nicolo  Tartaglia,  Vieta,  Descartes,  Pierre  de  Fermat,  John 
Wallis,  and  many  others.  And  in  this  period  also  Descartes  and 
Fermat  created  analytic  or  coordinate  geometry  in  which  curves  are 
represented  by  algebraic  equations  in  two  variables  so  that  the 
study  of  properties  of  curves  could  be  pursued  by  algebraic  tech¬ 
niques.  With  this  creation  the  positions  of  algebra  and  geometry 
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were  reversed.  Conclusions  about  geometry  were  to  be  established  by 
algebraic  reasoning. 

The  significance  of  the  new  mathematical  developments  is  that 
algebra  began  to  outstrip  geometry.  Since  there  was  no  logical  foun¬ 
dation  for  algebra  and  since  in  particular  negative  numbers,  ir¬ 
rational  numbers  and  now  even  complex  numbers  had  no  clear 
definitions,  to  say  nothing  of  any  justification  for  operations  with 
them,  the  logical  structure  of  mathematics  was  in  a  sad  state.  Indeed 
many  mathematicians,  notably  Pascal  and  Barrow,  protested  against 
the  use  of  algebra  because  the  logical  foundations  were  not  estab¬ 
lished.  The  philosopher  Hobbes  called  algebra  "a  scab  of  symbols.” 
Nevertheless,  the  mathematicians  used  arithmetic  and  algebra  freely 
on  a  pragmatic  basis.  The  rules  gave  physically  correct  results  and 
this  is  what  decided  the  is',uc  for  the  time  being.  The  needs  of  sci¬ 
ence  prevailed  over  logical  scruples. 

The  Rise  of  Analysis 

The  logic  of  mathematics  was  thrown  into  a  state  of  crisis  by  still 
further  developments.  The  major  scientific  activity  of  the  late  seven¬ 
teenth  and  the  eighteenth  centuries  was  the  study  of  motion,  par¬ 
ticularly  celestial  m  ?chanics.  To  carry  on  the  study  of  motion,  the 
notion  of  a  function  or  formula,  which  is  a  relation  between  two 
arithmetically  valued  variables,  is  basic.  Powerful  methods  of  de¬ 
ducing  and  working  v  ith  functions,  notably  the  calculus,  were 
created. 

The  basic  concept  of  the  calculus  is  the  instantaneous  rate  of 
change  of  a  function,  namely,  the  limit  of  Ay/Ax  as  Ax  approaches  0. 
Isaac  Newton,  who  shares  with  Gottfried  Leibniz  the  honor  of 
creating  the  calculus,  thought  of  the  limit  in  question,  which  is  now 
called  the  derivative,  as  a  velocity,  which  is  the  case  when  y  repre¬ 
sents  distance  and  t,  time,  and  he  made  great  use  of  this  fact  in 
solving  physical  problems.  But  Newton  experienced,  for  him,  in¬ 
superable  difficulties  in  explaining  how  he  obtained  the  derivative 
horn  Ay/Ax.  The  difficulty  lay  in  the  fact  that  Ay  also  approaches  0 
when  Ax  does  and  it  seemed  mpossible  to  explain  how  such  a  quo¬ 
tient  approached  a  definite  .lumber.  Newton  wrote  three  papers 
on  the  calculus  and  put  out  three  editions  of  his  famous  Mathe¬ 
matical  Principles  of  Natural  Philosophy  and  in  each  of  these  publi- 
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cations  he  made  different  explanations.  In  his  first  paper  he  says 
that  this  method  is  "shortly  explained  rather  tha.i  accurately 
demonstrated."  In  his  second  paper  he  changes  some  terminology 
so  as  "to  remove  the  harshness  from  the  doctrine  of  indivisibles” 
hut  the  logic  is  no  more  pcrspic ions.  In  the  third  paper  Newton 
says  "in  mathematics  minutest  errors  are  not  to  be  neglected.”  And 
then  he  gives  a  definition  of  the  derivative,  or  fluxion  as  he  called 
it,  which  supposedly  shows  that  a  fluxion  is  a  precise  concept. 
"Fluxions  arc,  as  near  as  we  please,  as  the  increments  of  fluents 
generated  in  times,  as  equal  and  as  small  as  |>ossiblc,  and  to  speak 
accurately,  they  are  in  the  prime  ratio  of  nascent  increments;  yet 
they  can  be  expressed  by  any  lines  whatever,  which  arc  proportional 
to  them." 

In  the  first  and  third  editions  of  the  Principles  Newton  says, 
"Ultimate  ratios  in  which  quantities  vanish,  are  not,  strictly  speak¬ 
ing,  ratios  of  ultimate  quantities,  but  limits  to  which  the  ratios  of 
these  quantities  decreasing  without  limit,  approach,  and  which, 
though  they  can  come  nearer  than  any  given  difference  whatever, 
they  can  neither  pass  over  nor  attain  before  the  quantities  have 
diminished  indefinitely."  He  says,  further,  "by  the  ultimate  ratio 
of  evanescent  quantities  is  to  be  understood  the  ratio  of  the  quan¬ 
tities,  not  before  they  vanish,  nor  after,  but  that  with  which  they 
vanish."  There  are  other  statements  by  Newton  in  the  published 
versions  of  his  works  which  differ  from  the  above.  Clearly  Newton 
struggled  hard  to  define  the  derivative  but  scarcely  succeeded  in 
formulating  a  precise  concept. 

Leibniz  worked  not  with  the  ratio  Ay/Ax  and  its  limit  but  with 
differentials  dx  and  dy  which,  he  said,  though  not  zero  were  not 
ordinary  numlters.  They  were  geometrically  the  differences  in  ab¬ 
scissa  and  ordinate,  respectively,  of  two  “infinitely  near  points.” 
He  too  published  many  papers  in  which  he  tried  to  explain  the 
meaning  of  the  ratio  dy/dx,  the  equivalent  of  Newton’s  derivative. 
Concerning  a  pajtcr  published  in  1081  even  his  friends,  the  Ber¬ 
noulli  brothers,  said  it  was  "an  enigma  rather  than  an  exj  lica- 
non.” 

Other  papers  and  efforts  to  clarify  his  ideas  did  not  accomplish 
any  mote.  In  a  letter  to  Wallis,  Leibniz  says:  "It  is  useful  to  con¬ 
sider  quantities  infinitely  small  such  that  when  their  ratio  is 
sought,  they  may  not  be  considered  zero  but  which  are  rejected  as 


TENTH  ANNIVERSARY  AFOSR  SCIENTIFIC  SEMINAR 


19 


often  as  they  occur  with  quantities  incomparably  greater.  Thus  if 
we  have  x  -j-  dx,  dx  is  rejected.  But  it  is  different  if  we  seek  the 
difference  between  x  -f  dx  and  x.  Similarly  we  cannot  have  xdx 
and  dx  dx  standing  together.  Hence  it  w'e  are  to  differentiate  xy  we 
write  (x  -}-  dx)  (y  -)-  dy)  —  xy  =  x  dy  y  dx  dx  dy.  But  here 
dx  dy  is  to  be  rejected  as  incomparably  less  than  x  dv  T  y  dx.  Thus 
in  any  particular  case,  the  error  is  less  than  any  finite  quantity." 

In  the  absence  of  satisfactory  definitions  hi  resorted  to  analogies 
to  explain  his  differentials.  At  one  time  he  referred  to  dy  and  dx 
as  momentary  increments  or  as  vanishing  or  incipient  magnitudes. 
These  are  Newtonian  phrases.  Then  he  says  that  as  a  point  adds 
nothing  to  a  line  so  differentials  of  higher  order,  e  g.,  dx  dx,  add 
nothing  to  dx.  Then  he  says  dx  is  to  x  as  a  |>oint  to  the  Earth  or 
as  the  radius  of  the  Earth  to  that  of  the  heavens.  There  are  many 
other  statements  by  Leibniz  which  ate  equally  obscure. 

There  were  many  attacks  on  Leibniz's  and  Newton's  work. 
Newton  did  not  respond  but  Leibniz  did.  The  answers  given  by 
Leibniz  show  the  state  of  affairs,  leibniz  objected  to  "ovcrprccise 
critics'’  and  that  we  should  not  be  led  by  excessive  scrupulousness 
to  reject  the  fruits  of  invention.  The  phrases  infinitely  large  and 
infinitely  small  signify  no  more  than  quantities  which  one  can  take 
as  great  or  as  small  as  one  wishes.  And  then  he  argues  that  one  can 
use  these  ultimate  quantities,  the  actual  infinite  and  the  infinitely 
small,  as  a  tool  much  as  the  aigeorsists  use  the  imaginary  with 
great  profit.  He  also  said  that  if  one  prefers  to  reject  infinitely  small 
quantities,  it  was  possible  instead  to  assume  them  to  be  as  small 
as  one  judges  necessary  in  order  that  they  should  be  incomparable 
and  that  the  error  produced  should  be  of  no  consequence,  or  iess 
than  any  given  magnitude. 

With  these  vague,  unclear,  almost  impenetrable  concepts  serving 
to  introduce  a  brand  new  branch  of  mathematics  one  would  expect 
cither  that  the  whole  subject  would  be  dropped  by  mathematicians 
who  boast  of  their  precise  reasoning,  their  indisputable  conclu¬ 
sions,  and  the  like,  or  that  some  genius  of  the  order  of  Newton  and 
Leibniz  would  come  along  and  dear  up  the  confusion  in  the  sub¬ 
ject.  But  neither  step  was  made.  Newton  and  Leibniz  made  cot  reel 
and  highly  significant  applications  of  their  ideas  and  their  succes¬ 
sors  not  only  retained  what  these  inventors  contributed  but  also 
added  to  the  calculus,  differential  equations,  infinite  series,  the  ealeu- 
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lus  of  variations  and  a  host  of  other  branches,  now  comprising  what 
is  called  analysis,  and  made  many  more  applications. 

In  the  eighteenth  century  the  attacks  on  the  soundness  of  analysis 
generally  continued  and,  in  fact,  were  persistent.  The  most  vigor¬ 
ous  attack  was  made  by  George  Berkeley,  a  bishop  and  philosopher, 
in  his  tract  called  The  Analyst.  The  subtitle  of  this  tract  is  interest¬ 
ing:  On  a  Discourse  Addressed  to  an  Infidel  Mathematician  [Ed¬ 
mund  Halley].  Wherein  it  is  Examined  Whether  the  Object,  Prin¬ 
ciples,  and  Inferences  of  the  Modern  Analysis  are  More  Distinctly 
Conceived,  or  More  Evidently  Deduced,  than  Religious  Mysteries 
and  Points  of  Faith.  “First  Cast  the  Beam  out  of  Thine  Own  Eye; 
and  Then  Shalt  Thou  See  Clearly  to  Cast  Out  the  Mote  Out  of  Thy 
Bi  other's  Eye."  Berkeley's  description  of  dy/dx  as  the  ghost  of  de¬ 
parted  quantities  is  famous. 

Because  it  was  impossible  to  give  a  sound  explanation  of  the 
calculus  d'Alembert  advised  students  of  the  subject,  “Persist  and 
faith  will  come  to  you."  Berkeley  and  most  mathematicians  of  the 
18th  century  such  as  Euler,  Lagrange,  and  Carnot,  believed  that 
the  calculus  worked  because  errors  were  somehow  compensating 
each  other.  All  of  these  men  tried  to  build  a  sound  foundation  for 
the  calculus  and  failed. 

The  upshot  of  the  entire  development  of  mathematics  until  1800 
is  that  by  far  the  largest  part  of  mathematics  now  rested  on  arith¬ 
metic  and  algebra  rather  than  on  geometry,  and  there  was  no  log¬ 
ical  foundation  for  this  major  portion.  Nevertheless  because  the 
mathematicians  and  physicists  thought  in  physical  terms  and  used 
physical  arguments  to  supply  the  deficiencies  in  mathematical  rea¬ 
soning,  the  application  of  mathematics  to  the  study  of  nature  at¬ 
tained  enormous  success.  Tne  most  impressive  results  were  obtained 
in  the  study  of  the  motions  of  the  planets  and  the  earth's  moon. 
Predictions  of  planetary  and  lunar  positions  reached  the  accuracy 
of  fractions  of  a  second. 

And  so  we  find  a  highly  paradoxical  state  of  affairs,  The  logic  of 
the  now  vastly  expanded  mathematics  was  never  in  a  sorrier  state. 
But  the  success  of  mathematics  in  representing  ar--4  predicting  the 
ways  of  nature  was  so  impressive  that  mathematics  was  securely 
established  as  a  body  of  truths.  More  so  than  the  Greeks,  the  in¬ 
tellectuals  of  the  eighteenth  century  Age  of  Reason  proclaimed  the 
mathematical  design  of  nature.  The  eighteenth  century  has  been 
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called  >he  heroic  age  in  mathematics  because  the  mathematicians 
dared  and  achieved  such  magnificent  scientific  conquests  on  the 
basis  of  so  little  logical  armament. 

Tin:  Great  Debacle 

The  most  significant  development  of  the  nineteenth  century  from 
the  stand|x>int  of  the  logical  nature  ami  the  truth  of  mathematics 
was  non-Euclidean  geometry.  It  is  not  necessary  for  us  to  investigate 
the  activity  which  led  to  this  creation  hut  we  should  note  just  what 
it  offered.  The  basic  fact  alnnit  non-Kiic  lidcan  geometry  is  that  it  is 
possible  to  adopt  a  different  set  of  axioms  from  Euclid's  and  con¬ 
struct  ,i  body  of  theorems  differing  from  those  in  Euclid.  The  key 
difference  in  the  axioms  is  (lie  paiallel  axiom.  In  place  of  assuming 
as  tuc  lid  did  that  through  a  given  point  in  a  plane  there  is  one  and 
only  one  line  whic  h  does  not  meet  a  given  line,  one  ran  assume  that 
there  arc  many  such  lines  through  the  point  or  that  there  are 
none.  The  consequences  of  adopting  a  different  axiom  on  parallel 
lines  are  weighty.  For  example,  instead  of  the  sum  of  the  angles 
of  a  triangle  adding  up  to  180  degrees,  they  add  up  to  less  than  or 
more  than  180  degrees.  Another  weighty  consequence  is  that  the 
distinction  between  similar  and  congruent  triangles  is  wiped  out. 
Two  similar  triangles  must  Ik-  congruent 

The  very  fact  that  there  could  be  geometries  alternative  to  Eu¬ 
clid's  was  in  itself  a  shock  to  mathematics.  But  the  consequences  of 
the  creation  of  non-Euclidean  geometry  were  far  more  drastic. 
The  first  was  that  in  the  course  of  the  w>ik  on  non-tuclideaii  ge¬ 
ometry  the  logic  of  Euclidean  geome  try  was  found  to  lx*  woefully 
deficient.  Euclid  had  given  many  meaningless  definitions,  had  failed 
to  define  a  number  of  the  concepts  he  did  use,  and,  worst  of  all, 
had  used  unconsciously  any  mi inlier  of  axioms  that  he  never  men¬ 
tioned.  To  put  it  bluntly  the  logical  structure  of  Euclid  was  seen 
to  be  terribly  inadequate. 

So,  from  the  standpoint  of  rigor,  by  1830  or  so  mathematics  was 
in  a  des|x,rate  state.  In  view  of  the  tremendous  advances  in  analysis 
in  the  late  seventeenth,  eighteenth  and  early  nineteenth  centuries, 
ninety  five  |xr  cent  of  mathematics,  everything  built  on  arithmetic, 
had  never  had  any  logical  foundation.  Now  the  only  piece  of  ground 
which  had  been  assumed  to  be  solid,  Euclidean  geometiy,  was  found 
to  be  marsh  land. 
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Thf.  Loss  of  Truth 

Nou-Fuididcan  geometry  initiated  the  destruction  rtf  another  foun¬ 
dation  stone  of  mathematics -its  truth.  The  nun  who  was  chiefly 
responsible  for  the  creation  of  non-Luc lidcan  geometry,  Karl  Gauss, 
realized  at  once  that  the  new  geometries  might  l>c  applicable  to  the 
physical  world  and  stxm  convinced  himself  that  any  one  of  them 
could  be  used,  In  other  words,  to  within  the  accuracy  of  observation 
and  measurement,  physical  space  could  Ire  described  by  any  one  of 
several  geometries.  If  several  geometries,  which  contradict  each  other 
in  par  l  at  least,  can  dcscrilre  physic  al  space  (lien  surely  we  do  lint 
know  what  is  true  about  physical  space.  All  one  can  say  is  that  if 
we  believe  space  has  the  projx’rties  of  the  axioms  of  Kudidcan  ge¬ 
ometry  or  of  one  of  the  non-F.uclidcan  geometries,  then  mathe¬ 
matics  will  tell  us  the  consequences  of  our  belief.  Gauss  thereupon 
concluded  that  geometry  was  part  of  mechanics 

Non-Euclidean  geometry,  a  triumph  of  reason,  paved  the  way  for 
an  intellectual  disaster.  It  certainly  showed  that  geometry  does  not 
offer  truths.  For  a  while  the  mathematicians,  including  Gauss  him¬ 
self,  turned  to  arithmetic,  algebra  and  analysis  and  said  that  the 
'j-uth  of  mathematics  rests  there.  Hut  in  the  nineteenth  century 
new  algebras  were  created,  an  algebra  <>l  quaternions,  an  algebra  of 
vectors,  and  an  algebra  of  matric  :s.  What  is  significant  about  these 
algebras  is  that  they  do  not  oliey  all  of  the  laws  of  ordinary  arith¬ 
metic.  For  example,  the  multiplication  of  two  quaternions  or  of 
two  matrices  is  generally  not  commutative.  Consequently  mathema¬ 
ticians  began  to  realize  that  there  is  not  just  one  algebra  but  many 
algebras  just  as  there  are  many  geometries,  The  situation  is  not 
quite  the  same  in  the  two  fields  because  the  algebra  of  ordinary 
intnrliers  was  not  changed.  However,  it  Irccaino  dear  that  this  al¬ 
gebra  too  was  man-made  and  that  there  was  no  assurance  that  its 
laws  applied  to  the  physical  world.  And  in  fact  they  need  not. 

Thus  if  one  mixes  two  cubic  centimeters  of  hydrogen  gas  and  one 
cubic  centimeter  of  oxygen  gas  one  docs  not  obtain  three  cubic  centi¬ 
meters  of  water  vajior  bur  only  two.  And  if  one  combines  one  quart 
of  rye  and  one  quart  of  vciinoiuh  one  docs  not  get  two  quarts  of 
alcohol  but  somewhat  less.  There  is  no  guarantee,  in  other  words, 
that  tire  familiar  arithmetic  necessarily  aoplies  to  tire  physical 
world.  Thus  algebra  and  arithmetic,  too,  are  not  truths. 


TEHTH  ANS'll  FRSAHY  AfOSH  SUF.NTIFH:  SUM  I  S' AH  M 

Non-Euclidean  geometry  waj  a  victory  which  almost  cost  the 
life  of  mathematics.  The  claim  to  truth  alxoit  the  physical  world 
ami  rigorous  proof,  the  two  distinguishing  features  of  mathematics, 
were  both  seen  to  I  re  fanciful.  What  did  preserve  the  life  ol  mathe¬ 
matics  was  the  powerful  medicine  it  had  itsell  colic  cm  led— tile  -  nor- 
inous  achievements  in  (C-lestial  mechanics,  acoustics,  fluid  dynam¬ 
ics,  the  strength  of  materials,  optics,  electricity  and  magnetism,  and 
the  maov  brandies  of  engineering,  and  the  incredible  accuracy 
of  its  pi  edict  ions.  There  had  to  l>e  some  essential,  perhaps  magical, 
jiower  in  a  subject  which,  though  it  had  fought  mulct  the  ptotec- 
tion  of  the  invincible  banner  of  tiutli,  had  actually  achiever,  its 
victories  through  sonic  inner  mysterious  strength.  The  cxtruorelinary 
applicability  of  mathematics  to  nature'  remained  to  lie  explained 
but  no  one  could  deny  the  lacl  itsell  and  date  to  throw  away  such 
an  all-powerful  tool.  And  so  mathematics  retained  its  place  in  the 
intellectual  and  scientific  worlds. 

Tire  Km  or  aiion  or  Rigor 

Hut  the  mathematicians  were  not  content.  Thcii  prestige  was  at 
stake.  What  was,  henccfoith,  to  distinguish  lolly  minded,  noble- 
thinking  mathematicians  from  earth-gi libbing  scientists,'  It  was  not 
possible  to  restore  truth  to  mathematics.  1  lies  gem  was  lost  lorcver. 
But  it  might  be  possible  to  restore  the  rigor  ol  proof  to  geometry 
and  to  instill  ligor  in  the  development  ol  arithmetic,  algebra  and 
analysis. 

The  mathematicians  of  the  nineteenth  century  did  provide  the 
rigorous  logical  foundations  of  their  subject.  A  movement  called 
the  critical  movement  and  initiated  by  the  woik  of  Heniaid  Hol- 
rano  and  Augtistin-Louis  Cauchy  and  carried  forward  by  Karl 
Weierstrass,  Richard  Dedckind,  Cringe  Cantor,  C.  lYano  and 
others  provided  for  the  first  time  an  axiomatic  basis  for  arithmetic, 
algebra  and  analysis.  And  Morti/.  Pasch,  David  Hilbert  and  others 
supplied  an  improved  axiomatic  basis  for  Euclidean  and  the  other 
geometries,  in  the  course  of  this  foundational  work  Cantor,  who 
found  himself  obliged  to  treat  various  collections  of  jxiims  and 
mmibcis,  created  a  branch  ol  mathematics  alwiut  which  one  hears 
much  today— the  dieory  of  sets.  In  any  case  by  HMKI  the  street  logical 
basis  of  mathematics  was  perfected.  At  a  congress  of  mathematicians 
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in  Paris  in  1900,  Henri  Puim arc  boasted:  "Today  we  may  say  that 
jterfee  t  rigor  has  l>ccn  attained." 

Tm.  Consimencv  Problem  anu  thk  Paradoxes 

The  story  of  the  development  of  the  concept  of  mathematic* 
would  have  had  a  happy  ending  if  indeed  it  did  end  heie.  The  sat¬ 
isfaction  which  mathematicians  were  enjoying  front  the  newly  at¬ 
tained  perfect  state  of  mathematics  was  short-lived.  Mathematics  now 
consisted  of  a  set  of  rather  arbitrary  deductive  structures  each  resting 
on  axioms.  These  stun  tores  were  no  longer  truths  and  hence  the 
question  arose,  "How  do  we  know  that  these  structures  are  consist¬ 
ent,  that  is.  that  we  shall  not  anise  at  contradictions?"  Previously 
the  sup|>osed  truth  of  mathematics  had  guaranteed  consistency,  for 
truth  by  its  very  nature  could  not  contain  contradictions. 

The  problem  of  establishing  consistency  was  aggravated  by  the 
discovery  that  mathematicians  had  indeed  been  using  concepts  which 
were  self  contradictory.  And  these  contradictions  were  discovered 
in  the  vety  biamh  of  mathematics  that  was  ueated  to  rigorire  the 
subject  namely,  set  theory.  The  contradictions  are  called  paradoxrs, 
a  euphemism  which  avoids  facing  the  truth.  I  shall  give  some  ex¬ 
amples  of  these  paradoxes  in  non  technical  settings  just  to  asoid  the 
need  to  present  any  mathematical  background.  However,  the  ex 
amplcs  arc  typical  of  mathematical  counterparts. 

The  first  oi  these  paradoxes  is  called  the  barber  paradox.  A  barber 
in  a  town  boasts  that  he  shaves  all  those  people  who  do  not  shave 
themselves  licit  of  course  he  does  not  shave  those  people  who  do 
shave  themselves.  Should  he  shave  himself?  Clearly,  if  he  does,  he 
shouldn't  and  if  he  doesn't,  he  should. 

Anothci  example  is  the  famous  Russell  Paradox.  A  class  of  books 
is  not  a  lunik  hut  a  class  of  ideas  is  an  idea.  Hence  some  classes  do 
not  belong  to  themselves  and  some  do.  Denote  by  M,  the  class  of 
all  classes  which  arc  members  of  themselves,  and  by  N,  the  class  of 
all  classes  which  arc  not  members  of  themselves.  M  and  N  aic 
clearly  mutually  exclusive  hut  together  include  all  classes.  Now  N 
itself  is  a  class.  Docs  it  belong  to  M  or  N?  II  N  belongs  to  N,  it  is  a 
class  which  belongs  to  itself  and  so  should  belong  to  M.  If  N  be¬ 
longs  to  M,  then  it  docs  not  In-long  to  N,  since  M  and  N  are  mutual¬ 
ly  exclusive.  If  N  does  not  Itclong  to  N,  that  is,  if  N  does  not 
belong  to  itself,  th*  .  by  the  definition  of  N,  it  should  belong  to  N. 
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Finally  let  m  consider  the  word  “paradox."  Each  number  is 
demisable  in  many  ways  by  wolds.  Thu»  five  can  be  described  by 
thr  tingle  won!  "five"  or  by  the  phrase  "the  next  integer  after 
four."  l  ake  the  description  involving  the  least  number  of  Icttera 
anti  call  this  the  minimum  description.  Consider  now  all  numbers 
whirl)  arc  describable  with  100  letters  or  fewer  of  the  English  apha- 
bct.  At  most  27 100  descriptions  are  possible  ami  even  if  each  is  a 
minimum  description  there  is  at  most  a  finite  number  of  num¬ 
bers  describable  with  all  27'°°  drsu iptions.  There  must  then  be 
some  numbers  not  desc  ribed  by  the  27 100  d<  ki  iptions.  Consider  “the 
smallest  numlrcr  nut  describable  in  100  Ictteis  oi  less."  This  number 
has  just  been  dcscriix'd  in  less  than  100  letters. 

Thus  the  problem  of  establishing  the  consistency  of  mathematics 
was  no  longer  academic  The  paradoxes  showed  that  mathematics 
was  not  consistent,  and  the  problem  of  tcsolving  the  paradoxes  and 
establishing  the  consistency  of  mathematics  Irecamc  imperative. 

1  might  add  that  the  natuic  ot  these  paradoxes  is  that  an  object 
is  defined  in  terms  of  a  class  of  objects  which  includes  the  object 
defined.  It  is  easy  to  overlook  this  circularity  in  making  definitions. 
Thus  suppise  one  defines  the  set  S  to  be  the  collection  of  all  sets 
each  of  which  is  definable  in  a  statement  of  25  or  fewer  words. 

S  itself  has  just  been  defined  in  a  statement  of  fewer  than  25  words 
so  that  S  is  included  in  the  class  of  sets  by  which  S  is  defined. 

I'lti  Modkmn  Pnit  osopHiis  or  ,\l Aim  mauls 

Three  major  philosophies  have  lieen  developed,  each  of  which 
seeks  to  icrolve  the  difficulties  just  described,  These  are  called  the 
logistic,  the  formalist,  and  the  iniuitiunist  philosophies.  I  shall  not 
try  to  do  more  than  sketch  the  essential  jwints  in  these  philosophies. 

The  logistic  school,  led  by  Gottlob  Frege,  Bertrand  Russell  and 
Alfred  North  Whitehead  builds  up  mathematics  deductively  from 
logic.  L<0ir  itself  starts  with  axioms  about  propositions  or  state¬ 
ments  and  then  is  itself  built  up  deductively.  Then,  with  no  further 
axioms,  the  concepts  of  mathematics  and  their  properties  are  de¬ 
duced.  The  development  is  a  lengthy  one. 

To  avoid  the  paradoxes  Russell  and  Whitehead  had  to  distinguish 
ty|jes  of  propositions.  The  pui|>ose  of  this  theory  of  typer  is  to  make 
sure  that  a  piopositiona!  function  of  any  one  type  docs  not  apply 
to  a  set  of  objects  containing  that  propositional  function.  This 
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avoids  drfining  an  element  in  terms  of  a  set  which  contains  that 
element.  But  the  theory  of  tyjies  introduced  complications.  To  over¬ 
come  ihrm  Russell  and  Whitehead  introduced  an  axiom  of  rrduri- 
bility  to  the  effect  that  foi  each  relation  of  whatever  tyjie  among 
individual  objects  there  exists  an  equivalent  relation  of  simple  type. 
The  axiom  is  artificial  and  has  no  intuitive  content. 

There  are  several  objections  to  this  logistic  approarh.  The  first 
is  that  the  consistency  of  the  set  of  axioms  used  for  logic,  partic¬ 
ularly  in  view  of  the  artificial,  non  intuitive  axiom  of  ceducibility, 
is  open.  Up  to  1900,  Russell  believed  that  the  principles  of  logic 
wctc  truths  but  he  soon  realized  (hat  there  was  no  basis  for  the 
belief.  The  second  objection  is  that  the  deduction  of  mathematics 
from  logic,  which  has  no  affirmations  about  the  real  world,  leaves 
unexplained  the  relationship  of  mathematics  to  icality. 

The  formalist  school  led  by  David  Hilbert  projvoses  that  each 
branch  of  mathematics  be  built  upon  a  set  of  logical  and  mathe 
nutical  axioms.  The  axioms  are  formulated  in  terms  of  symbolic 
statements  to  which  no  meaning  is  to  be  attached  and  the  theorems 
result  from  the  pure  manipulation  of  symbols  according  to  tides  con¬ 
tained  in  the  axioms.  This  pure  foimal  view  avoids  use  of  the 
word  all,  a  source  of  (he  most  disturbing  difficulties  Under  this 
approach  matlicmat  its  piopei  Incomes  a  set  its  of  meaningless  struc¬ 
tures.  The  consistency  of  these  structures  was  to  be  established  by 
using  some  clear  and  unquestionable  logical  principles  in  an  extra- 
or  metamathematical  domain.  But  the  logician  Kurt  Ccklel  soon 
showed,  by  symbolizing  the  metamathematiial  method  and  arith- 
metuing  the  pi  oof  of  consistency,  that  any  significant  branch  must, 
if  consistent,  be  incomplete  and  so  not  encompass  significant  and 
even  intuitively  correct  statements  of  mathematics  (which  remain 
uudecidable).  Alternatively  if  the  branch  is  complete  then  it  is  in¬ 
consistent.  Consistency,  then,  implies  that  mathematics  cannot  be 
reduced  to  axioms  for  these  are  inadequate  to  yield  all  the  conclu¬ 
sions  that  should  be  established.  On  the  other  hand,  completeness 
implies  inconsistency,  which  is  intolerable. 

The  intuitionist  school,  championed  by  the  Dutch  mathematician 
L*  E.  J.  Brouwci,  starts  with  the  fundamental  intuition  of  the  natu¬ 
ral  numbers  and  all  basic  ideas  and  affirmations  are  grasped  by 
intuition.  Logic  is  relevant  only  for  communication.  The  paradoxes 
are  a  defect  of  the  logic  and  since  the  logic  is  incidental,  the  oc- 
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currence  of  |>aradoxet  is  unitn|>»run(.  According  to  the  intuitionists 
the  problem  of  consistency  is  also  a  proldrm  of  logic  and  so  it  is 
immaterial.  Despite  the  relative  unim|M>rtamc  of  logical  proof  the 
intuitionists  do  consider  to  what  extent  language  and  its  accompany¬ 
ing  logic  are  adequate  to  represent  the  ideas  guatantred  by  the  in¬ 
tuition.  They  found,  for  example,  that  the  law  of  excluded  middle 
may  not  be  used  when  dealing  with  actual  infinite  sets.  Moreover, 
any  proofs  of  existence  must  be  constructive,  that  is,  one  cannot 
establish  existence  by  showing  that  non  existence  leads  to  a  contra¬ 
diction.  Thus  to  prove  that  an  equation  has  a  tool  because  the 
assumption  it  docs  nut  lead  to  a  contiadic  lion,  is  non  constructive. 
Finally  we  must  allow  for  undriidablc  pio|x»itions.  There  arc 
sensible  questions  which  have  no  answers.  Since  much  of  mathe¬ 
matics,  for  example  the  theory  of  irrational  numbers  and  concepts 
of  analysis  built  on  it,  does  not  satisfy  these  criteria,  these  parts  of 
mathematics  are  not  accepted.  Thus  the  intuitionists  reject  a  great 
deal  of  what  has  been  standard,  basic  mathematics. 

Theic  are  objections  to  all  tin cc  schools  of  thought  and  niathrma 
limns  working  in  the  foundations  of  the  subjec  t  disagree  on  which 
view  is  acceptable.  Hriuc  mathematic  lam  have  not  eliminated  the 
patadoxes  in  any  way  satisfactory  to  all  nor  have:  they  established 
consistency.  In  fad  they  no  longer  agree  on  what  constitutes  a  valid 
proof,  because  they  no  longer  agree  on  what  principles  of  logic  are 
acceptable.  The  unsatisfaciotiiicss  of  the  present  state  of  affairs  is  re¬ 
flected  in  the  joshing  alxmt  pi  oofs.  Rather  ironic  al  arc  the  quqts: 

"Logic  is  the  an  of  going  wrong  with  confidence. . 1'hc  virtue  of  a 

proof  is  not  that  it  compels  belief  but  that  it  suggests  doubts."  "A 
proof  tells  us  where  to  concentrate  our  doubts."  "More  vigor  and  less 
rigor."  "Wc  can  no  longer  hope  to  be  logical;  the  best  we  can  hope 
for  is  not  to  be  illogical." 

The  Cuwunt  Relationship  of  Mathematics  to  Science 

The  implications  of  the  new  understanding  of  the  nature  of 
mathematics  bear  directly  on  the  relationship  of  mathematics  to 
science.  The  first  point  is  that  scientists  can  no  longer  rely  upon  the 
truth  of  mathematics.  Scientists  had  come  to  tealize  before  the  math¬ 
ematicians  faced  up  to  their  difficulties  that  science  offers  convenient 
theories  about  physical  phenomena  but  does  no:  offer  truths  of  na¬ 
ture.  But  all  scientists  until  the  late  nineteenth  century  accepted  the 


28  SCIENCE  IN  THE  SIX  TIES 


mathematical  element  in  their  work  as  truth.  Now  that  they  know 
that  this  is  not  so,  scientists  must  treat  mathematics  on  the  same  em¬ 
pirical  basis  as  they  treat  their  own  theories.  Mathematics  is  one  of 
the  sciences  and  depends  on  exjx^rimental  verification. 

The  inconsistencies  in  mathematics  pos<  another  threat  to  science 
in  that  any  logical  system  which  has  inconsistencies  is  strictly  non¬ 
sensical.  Even  if  the  known  paradoxes  are  resolved,  until  the  consist 
ency  of  mathematics  is  established,  there  is  the  danger  that  contra¬ 
dictions  will  appear  at  any  stage  in  the  scientific  uses  of  mathematics. 

One  would  expect  thai  the  deficiences  in  mathematics  would  ser¬ 
iously  disturb  both  mathematicians  and  scientists.  The  effect,  how¬ 
ever,  has  been  insignificant  and  the  way  in  which  mathematicians 
and  scientists  have  been  working  since  1900  is  typical  of  the  way 
humans  meet  their  problems.  The  mathematicians  who  have  been 
supplying  foundations  for  their  subject  during  the  last  one  hundted 
years  may  l>e  likened  to  builders  who  seek  to  strengthen  the  founda¬ 
tion  of  a  building  resting  on  insecure  gTOund.  Finding  the  ground  a 
little  farther  down  seemingly  firm,  they  extend  the  foundation  of 
the  building  to  this  hard  ground  R'1'  •  •'-<  ’  '  ilding  fin.il!  rests 

on  this  ground  it  fiegins  to  crumble.  And  so  the  builders  dig  still 
deeper  to  what  surely  appears  to  be  unyielding  earth  and  extend  the 
foundation  still  more.  But  once  again  they  are  disappointed  and  so 
they  continue  digging  and  extending  in  the  hope  that  they  will  reach 
solid  rock  and  that  then  the  building  will  be  firmly  anchored.  While 
the  builders  dig  farther  and  farther  down,  the  tenants  of  the  build¬ 
ing  continue  to  occupy  it  and  do  their  work.  After  some  time  the 
people  working  on  the  foundations  get  so  far  below  ground  that  they 
are  completely  out  of  sight  and  the  tenants  forget  that  there  is  any 
concern  at  all  about  the  support  of  die  structure  or  the  danger  of 
collapse.  The  tenants  are  the  mathematicians  and  scientists  who  con¬ 
tinue  to  use  the  conventional  mathematics  and  who  are  oblivious  to 
the  men  concerned  with  shoring  up  the  foundations. 

Another  consequence  of  the  loss  of  truth  in  mathematics  is  the 
abandonment  of  science  by  most  mathematicians.  It  was  the  desire 
to  guarantee  the  physic  al  correctness  of  the  parallel  axiom  which  led 
to  non-Euclidean  geometry.  But  many  mathematicians,  either  igno¬ 
rant  of  the  history  or  deliberately  distorting  the  history  to  suit  their 
purposes,  proclaim  that  an  interest  in  purely  intellectual  questions 
led  to  non-Euclidean  geometry  and  this  creation,  nevertheless, 
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proved  to  be  useful  (in  relativity  theory).  Hence  they  argue,  any 
question  that  seems  worthy  to  the  mathematician,  regardless  of  cur¬ 
rent  physical  significance,  should  be  investigated.  Happy  to  be 
relieved  of  a  responsibility  to  science  because  they  need  not  be  in¬ 
formed  in  this  area,  they  pursue  mathematical  themes  of  their  own 
concoction.  They  still  pay  lip  service  to  science  and  promise  that 
their  arbitrary  creations  will  be  useful  50  or  100  years  from  now. 
Others  now  completely  ignore  science  and  defend  mathematics  sole¬ 
ly  as  a  beautiful,  exicting  and  intrinsically  interesting  activity. 

In  the  United  States  80  to  90%  of  the  mathematicians  have  turned 
to  fields  such  as  abstract  algebra,  mathematical  logic,  and  topology, 
to  abstractions  and  generalizations  such  as  functional  analysis,  to 
existence  proofs  in  differential  equations,  and  to  axiomatizations  of 
various  bodies  of  thought.  Relatively  few  study  the  more  concrete, 
physically  significant  problems  notably  in  differential  equations  and 
allied  fields.  In  the  sixth  decade  of  a  century  in  which  mathematics 
has  been  far  more  active  than  in  any  other  century  one  notes  rather 
few  new  applied  fields:  non-linear  differential  equations,  integral 
equations,  functions  of  two  complex  variables,  and  asymptotic  series 
solutions  of  differential  equations. 

The  warning  that  mathematicians  are  abandoning  their  obliga¬ 
tions  to  science  and  even  risking  the  diying-up  of  their  ideas  has 
been  sounded  by  many  men.  In  an  article  in  the  American  Mathe¬ 
matical  Monthly  of  1944  the  distinguished  mathematical  physicist 
J.  L.  Synge  said,  "Most  mathematicians  work  with  ideas  which,  by 
common  consent,  belong  definitely  to  mathematics.  They  form  a 
closed  guild.  The  initiate  foreswears  the  things  of  the  world,  and 
generally  keeps  his  oath.  Only  a  few  mathematicians  roam  abroad 
and  seek  mathematical  sustenance  in  problems  arising  directly  out 
of  other  fields  of  science.  In  1744  or  1844  this  second  class  included 
almost  the  whole  body  of  mathematicians.  In  1944  it  is  such  a  small 
fraction  of  the  whole  that  it  becomes  necessary  to  remind  the  ma¬ 
jority  of  the  existence  of  the  minority,  and  to  explain  its  point  of 
view. 

"The  minority  does  not  wish  to  be  labelled  'physicist’  or  ’engineer,’ 
for  it  is  following  a  mathematical  tradition  extending  through  more 
than  twenty  centuries  and  including  the  names  Euclid,  Archimedes, 
Newton,  Lagrange,  Hamilton,  Gauss,  Poincar^.  The  minority  does 
not  wish  to  belittle  in  any  way  the  work  of  the  majority,  but  it  does 
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fear  (hat  a  mathematics  which  feeds  solely  on  itself  will  in  time  ex¬ 
haust  its  interest." 

In  an  essay  entitled  “The  Mathematician"  published  in  1947  John 
von  Neumann  ends  with  this:  “As  a  mathematical  discipline  travels 
far  from  its  empirical  source,  or  still  more,  if  it  is  a  second  and  third 
generation  only  indirectly  inspired  by  ideas  coming  from  ‘reality,’ 
it  is  beset  with  very  gTave  dangers.  It  becomes  more  and  more  purely 
aestheticizing,  more  and  more  purely  iart  pour  I'art.  This  reed  not 
be  bad,  if  the  field  is  surrounded  by  correlated  subjects,  which  still 
have  closer  empirical  connections,  or  if  the  discipline  is  under  the 
influence  of  men  with  an  exceptionally  well  developed  taste.  But 
there  is  a  grave  danger  that  the  subject  will  develop  along  the  lines 
of  least  resistance,  that  the  stream,  so  far  fiom  its  source,  will  sepa¬ 
rate  into  a  mu'titude  of  insignificant  branches,  and  that  the  disci¬ 
pline  will  become  a  disorganized  mass  of  details  and  complexities. 
In  other  words,  at  a  great  distance  from  its  empirical  source,  or 
after  much  'abstract'  inbreeding,  a  mathematical  subject  is  in  danger 
of  degeneration." 

In  his  necrology  on  Franz  Rellich  in  the  Mathematische  Annalen 
of  1957,  Richard  Courant  affirms  that  if  present  trends  continue  the 
real  (angewandte)  mathematics  of  the  future  will  be  created  by  phys¬ 
icists  and  engineers  and  professional  mathematicians  will  have  no 
contact  with  this  development. 

The  Current  View  of  Proof 

The  present  state  of  mathematics  as  a  distinct  subject  is  indeed 
anomalous.  Its  claim  to  truth  has  been  abandoned.  Its  efforts  to 
eliminate  the  paradoxes  and  establish  the  consistency  of  its  reason¬ 
ing  have  thus  not  only  failed  but  also  have  even  produced  contro¬ 
versy  as  to  what  correct  reasoning  in  mathematics  is  and  as  to  what 
the  proper  foundations  of  mathematics  are.  The  claim,  therefore,  to 
impeccable  reasoning  must  also  be  abandoned.  In  view  of  these  un¬ 
resolved  issues  what  should  the  modus  vivendi  of  mathematics  be? 
Should  we  conclude  that  mathematics  as  a  soundly  established  body 
of  knowledge  is  an  illusion?  Should  we  abandon  deductive  proof 
and  resort  to  intuitively  sound  arguments,  to  empirical  evidence, 
and  to  inductive  arguments?  After  all,  the  physical  sciences  use  such 
modes  of  reasoning  and,  even  where  they  have  used  deductive  mathe¬ 
matics,  they  have  not  been  concerned  with  the  mathematicians’ 
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standard  of  rigor.  This  is  not  the  advisable  path.  Anyone  who  hat 
tome  knowledge  of  the  contributions  of  mathematics  would  not 
abandon  the  idealt  and  goals  of  the  subject.  What  is  needed  is  a  new 
evaluation  of  the  nature  of  mathematics. 

First  of  all,  deductive  proof  does  have  immense  value.  Beyond  the 
murky  foundations  it  does  permit  an  effective  and  reliable  organiza¬ 
tion  of  knowledge.  Moreover,  proof  gives  us  relative  assurance.  We 
become  convinced  thereby  that  some  theorem  is  correct  if  some  rea¬ 
sonably  sound  and  intuitively  more  acceptable  statements  about 
numbers  or  geometrical  figures  are  correct.  Proof  thus  establishes 
more  doubtful  statements  on  the  basis  of  less  doubtful  ones  and  re¬ 
duces  the  number  of  statements  we  must  accept  on  an  intuitive  or 
heuristic  basis.  The  security  with  which  wc  can  use  the  central  body 
of  mathematics  increases  as  we  narrow  the  difficulties  to  a  limited 
area. 

However,  we  are  now  compelled  to  accept  the  fact  that  there  is 
no  such  thing  as  an  absolute  proof  or  a  completely  rigorous  proof. 
We  know  that  if  we  question  the  statements  we  accept  on  an  intui¬ 
tive  basis,  we  shall  be  able  to  prove  these  only  if  we  accept  others 
on  an  intuitive  basis.  Nor  can  we  probe  these  ultimate  intuitions  too 
far  without  running  into  paradoxes  or  other  unresolved  difficulties, 
some  lying  in  the  realm  of  logic  itself.  Sometime  about  1900.  the 
famous  French  mathematician  Jacques  Hadamard  said,  "Logic  sanc¬ 
tions  the  conquests  of  the  intuition."  We  can  no  longer  accept  this 
judgment.  It  is  more  appropriate  to  say  with  Herman  Weyl,  "Logic 
is  the  hygiene  which  the  mathematician  practices  to  keep  his  ideas 
healthy  and  strong." 

We  must  recognize  that  rigor  is  not  an  actuality  but  a  goal,  a  goal 
to  be  sought  but  very  likely  never  to  be  attained.  We  should  make 
constant  efforts  to  strengthen  what  we  have  without  expecting  ever 
to  perfect  it.  Yet  the  search  for  additional  strength  not  only  yields 
strength  but  also  produces  the  very  great  values  which  mathematics 
hat  furnished  in  the  past.  If  then  we  reorient  our  attitude  toward 
mathematics,  we  shall  be,  I  hcl  -  ve,  more  content  to  pursue  the  sub¬ 
ject  despite  the  fact  that  we  have  been  disillusioned.  This  view  of 
mathematics  is  epitomized  in  the  American  mathematician  E.  H. 
Moore’s  statement,  "Sufficient  unto  the  day  is  the  rigor  thereof." 
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III.  Science  and  Technology  in 
The  Emerging  Nations 

Awhjs  Saiam 

Right  ntOM  the  days  of  Merlin  at  the  Court  of  King  Arthur,  the 
scientist  has  enjoyed  the  dubious  repute  of  a  wizard.  One  of  the 
most  famous  scientist-wizards  of  the  Middle  Ages  was  Michael,  the 
Scot  who  was  celebrated  in  verse  by  his  countryman  Sir  Walter  Scott 
in  the  "Lay  of  the  Last  Minstrel.”  A  traveller  to  the  Paynim  coun¬ 
tries  of  the  Blast  tells  us  that: 

"In  those  far  dimes  it  was  my  lot 
To  meet  the  wondrous  Michael  Scott; 

A  wizard  of  such  dreaded  fame. 

That  when  in  Salamanca's  cave, 

He  lifted  hit  magic  wand  to  wave, 

The  bells  would  ring  in  Notre  Dame!" 

We  arc  also  told  Michael's  words  could  cleave  the  Eildon  hills  in 
three;  he  could  bridle  River  Tweed  with  a  curb  of  stone;  at  a 
sign  from  him  you  could  be  transported  from  Portugal  to  Spain  in 
the  space  of  less  than  a  night. 

We  do  not  know  if  Michael  the  Scot  did  really  command  the 
powers  ascribed  to  him.  Even  if  he  did.  he  could  only  have  antici¬ 
pated  the  men  of  Alamogordo  and  Cape  Kennedy  by  just  a  few 
centuries.  We  may,  however,  with  reason  inquire  why  he  did  ac¬ 
quire  in  the  Middle  Ages  the  dread  reputation  that  haunted  his 
memory. 

Michael  the  Scot  was  a  humble  scholar.  Born  in  1175,  he  was  one 
of  those  few  inquiring  men  who  wished  to  pursue  science  with 
teachers  who  were  currently  creating  it.  At  the  age  of  twenty-five  he 

ABDUS  SALAM,  Director  of  the  International  Institute  of  Theoretical 
Physics  in  Trieite;  Professor  of  Theoretical  Physics,  University  of  Lon¬ 
don.  He  is  chief  scientific  advisor  to  the  President  of  Pakistan.  An 
AFOSR  grantee  in  elementary  particle  physics. 


TENTH  ANNIVERSARY  AFOSR  SCIENTIFIC  SEMINAR  SS 


•  ravelled  to  the  Islamic  University  of  Toledo  in  Spain;  to  study  he 
had  to  learn  Arabic,  the  then  language  of  science.  Front  Toledo  he 
proceeded  to  Padua  and  Rome,  teaching  and  translating  what  he 
had  learned.  His  was  the  fust  translation  of  Aristotle's  lie  Anima 
into  Latin,  not  from  the  original  Greek  which  Michael  knew  not, 
but  from  Arabic.  His  repute  for  wisdom  lor  wizardry,  was  a  tribute, 
if  you  wish,  to  Arabic  mathematics,  Arabic  astronomy,  Arabic  medi¬ 
cine  of  that  day. 

1  have  thus  chosen  to  preface  my  account  of  science  and  technology 
in  the  developing  world  today  with  an  account  of  Michael  the  Scot. 
The  history  of  science,  like  the  history  of  all  civilization,  has  gone 
through  cycles.  Some  seven  centuries  back,  at  least  some  of  the 
developing  countries  of  today  were  in  the  forefront  of  scientific 
endeavour;  they  were  the  standard  bearers,  the  pioneers.  George  Sar- 
ton  in  his  monumental  five-volume  History  of  Science  chose  to  di¬ 
vide  his  story  of  achievement  in  sciences  into  ages,  each  age  lasting 
half  a  century.  With  each  half  century  he  associated  one  central  fig¬ 
ure;  thus  500  B.C.-450  B.C.  Sarton  calls  the  Age  of  Hippocrates;  450 
B.C.  to  400  B.C.  is  the  Age  of  Plato.  This  is  followed  by  the  half 
centuries  of  Aristotle,  of  Euclid,  then  of  Archimedes  and  so  on. 
From  650  A.D.-700  A.D.  is  the  half  century  of  the  last  Chinese  scien¬ 
tist  I-ching.  From  750  A.D.  in  an  unbroken  succession  for  300  years, 
are  the  Ages  of  Jabir,  Khwarizmi,  Razi,  Masudi,  Wafa,  Biruni  and 
Omar  Khayyam— Arabs,  Turks,  Afghans  and  Persians— men  belong¬ 
ing  to  the  culture  of  Islam.  Around  1100  A.D.  appear  the  first  West¬ 
ern  names,  but  the  honors  are  still  shared  between  the  East  and  the 
West  for  two  hundred  years  more.  From  1350  A.D.,  however,  science 
was  created  only  in  the  West.  No  wonder  then  that  Michael  the 
Scot,  in  1200  A.D.,  had  to  travel  to  Toledo  to  complete  his  scientific 
education.  No  wonder  that  this  association  with  the  infidel  earned 
him  an  excommunication.  No  wonder  that  Dante  consigned  him  to 
Hell. 

I  hope  I  shall  not  be  accused  of  parochialism  in  reminding  you 
thus  that  in  the  march  of  science  and  civilization  other  cultures, 
other  lands,  have  played  their  humble  role.  This  central  fact  is  im¬ 
portant  to  the  theme  I  wish  to  unfold;  it  determines  a  whole  set  of 
attitudes,  the  whole  approach  of  the  emerging  countries  to  acquir¬ 
ing  modern  scientific  and  technological  competence  is  conditioned 
by  it. 
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Now,  throughout  the  ages  iti  Kicntific  and  technical  knowledge 
have  influenced  the  material  prosperity  of  a  civilization.  Technical 
advances  in  agriculture,  in  manufacturing  methods,  in  transport 
have  occurred  in  all  human  societies  and  these  have  always  led  to  in¬ 
creased  prosperity.  But  it  is  a  central  fact  of  human  history  that 
something  unique  occurred  with  the  18th  and  19th  century  break¬ 
throughs  in  physics  and  chemistry  and  metallurgy,  something  unique, 
something  ntauive,  something  cumulative.  The  Arm  and  the  scien¬ 
tific  mastery  of  natural  law  acquired  in  the  last  two  hundred  years 
gave  man  so  much  power,  and  led  to  such  a  great  increase  in  pro¬ 
duction,  that  for  the  first  time  in  man's  history  a  purposeful  appli¬ 
cation  of  scientific  and  technological  techniques  can  transform  the 
entire  material  basis  of  whole  societies,  eliminating  hunger  and 
want,  and  ceaseless  toil  and  early  death  for  the  whole  human  race. 
Technical  competence  and  material  prosperity  have  become  synony¬ 
mous  and  it  is  this  cardinal  fact  that  the  poorer  two-thirds  of  hu¬ 
manity  is  beginning  to  realize.  It  is  this  cardinal  fact  that  the 
developing  world  must  come  to  grips  with  today. 

How  did  this  great  division  of  humanity-the  division  of  the  rich 
and  the  poor,  both  materially  and  technologically-first  come  about? 
Clearly  I  have  no  competence  to  speak  for  all  developing  countries; 
there  is  one  part  of  the  world,  however,  I  know  much  better  than 
any  other— my  own  country,  Pakistan.  Instead  of  generalities  1  pro¬ 
pose  to  give  you  a  detailed  picture  of  Pakistan's  technological  past, 
its  present  and  its  hopes  for  the  future.  In  many  ways  the  problems 
I  shall  deal  with  are  typical  of  the  rest  of  the  developing  world.  In 
particular  I  *ha!!  show  you  how  important  an  impact  on  modern 
Pakistan  the  imported  technology  of  the  19th  century  had.  And  I 
shall  endeavour  to  show  how  many  of  its  problems  arise  because  we 
did  not  adjust  to  the  technology  of  the  20th  century  in  time. 

I  shall  start  my  story  about  three  centuries  ago.  Around  1660  tv/o 
of  the  greatest  monuments  of  modern  history  were  erected— one  in 
the  West  and  one  in  the  East;  St.  Paul's  Cathedral  in  London  and 
the  Taj  Mahal  at  Agra  in  the  India  of  the  Great  Mughals.  Between 
them  these  two  monuments  symbolize,  perhaps  better  than  words 
can  describe,  the  comparative  level  of  craftsmanship,  the  compara¬ 
tive  level  of  architectural  technology,  of  affluence  and  sophistication 
the  two  cultures  had  achieved  at  that  epoch  of  history. 

But  at  about  the  same  time  was  also  created,  and  this  time  only  in 
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the  West,  a  third  monument,  a  monument  still  greater  in  iu  even¬ 
tual  import  for  humanity.  This  was  Newton's  I’rincipia  published 
in  1687.  Newton's  work  had  no  counterpart  in  the  India  of  the 
Mughals.  The  impulse  springs  of  Islamic  science  had  dried  up  ear¬ 
lier.  The  Taj  Mahal  was  about  the  last  flowering  of  a  tradition,  a 
tradition  that  was  no  longer  creative,  a  tradition  that  was  toon  to 
wither  and  die. 

The  two  cultures,  the  two  technologies,  that  of  the  East  and  the 
West,  came  into  sharp  impact  within  a  hundred  years  of  the  build¬ 
ing  of  the  Taj.  In  1757.  to  be  precise,  the  superior  fire-power  of 
Clive's  small  arms  inflicted,  on  the  battle  grounds  of  Plassey,  a 
humiliating  military  defeat  on  the  descendants  of  the  great  Mughal. 
Another  hundred  years  passed  and  in  1857,  the  last  of  the  Mughals 
had  been  forced  to  relinquish  the  Imperial  Crown  of  Delhi  to 
Queen  Victoria.  With  him  there  passed  not  only  an  empire,  but 
also  a  whole  tradition  in  art,  in  technology  and  in  learning.  By  1857, 
English  had  supplanted  Persian  as  the  language  of  state;  the  medical 
canons  of  Aricenna  had  been  forgotten  and  the  traditional  art  of 
fine  muslin  weaving  iu  Dacca  had  disappeared  to  give  way  to  the 
cotton  prints  of  Lancashire. 

But  from  the  decay  of  the  Mughal  state  in  1857,  from  the  embers 
as  it  were,  there  also  arose  the  beginning  of  a  new  and  modern 
state— the  state  of  Pakistan  in  the  northwest  and  east  corners  of  the 
Indian  sub-continent. 

West  Pakistan,  of  which  I  shall  principally  speak  today,  is  a  state 
twice  as  large  in  area  and  thrice  as  populous  as  California.  It  is  a  dry, 
parched  land,  watered  by  the  mighty  Indus  and  its  five  tributaries, 
the  Ghelum,  Chenab.  Ravi,  Beas  and  Sutlej.  In  1857,  when  the 
British  came  to  it  as  conquered,  they  found  ribbons  of  cultivation 
a  few  miles  wide  on  either  side  of  each  of  the  five  rivers.  Between 
these  cultivated  ribbons  lay  stretches  of  parched  desert. 

Not  content  with  these  ribbon-like  patches  of  cultivation,  some 
far-sighted  men  in  the  Indian  Civil  Service  harnessed  the  technology 
of  their  day  to  create  a  garden  out  of  the  scrub  and  the  desert.  They 
built  low  dams  across  the  five  rivers  on  foundations  of  gravel  and 
sand— structures  which  had  rarely  been  attempted  elsewhere  and 
whose  essential  stability  remains  something  of  a  miracle  to  most 
hydraulic  engineers  till  this  day.  Behind  the  dams  they  diverted  the 
waters  into  great  new  canals.  These  ^anals  have  a  total  length  of 
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10,000  miks;  some  of  the  biggest  are  as  large  as  the  Colorado  River. 
With  the  canal  system  was  treated  a  fine  railway  network  and  per¬ 
haps  the  best  road  system  east  of  Suez.  West  Pakistan,  at  a  conse¬ 
quence,  multiplied  in  prosperity,  fertility  and  population.  It  was  in 
this  sense  that  modern  Pakistan— in  company  with  many  another  ex- 
colonial  country— was  a  creation  of  the  19th  century  technology. 

■aut  even  after  such  a  heavy  initial  dose  of  technology,  and  again 
very  typically,  Pakistan  failed  to  become  a  technologically  advanced 
country.  Something  went  grievously  wrong,  for  the  firit  flush  of  pros¬ 
perity  lasted  no  more  than  a  few  decades.  The  country  was  built 
upon  just  one  resource,  agriculture,  and  agricultural  production  did 
not  keep  in  step  with  the  population  increase.  Even  on  the  purely 
technical  side,  soon  after  iu  inception  the  very  miracle  of  West  Pak 
istan'i  canal  network  began  slowly  to  stifle  the  fertility  it  was  meant 
to  create  by  spreading  the  blight  of  waterlogging  and  salinity  in 
areas  through  which  the  canals  passed. 

The  reasons  for  this  failure  of  technology  were  not  difficult  to 
find.  The  technology  which  created  Pakistan  did  not  touch  its  more 
than  skin-deep.  It  was  a  graft  that  never  took,  not  something  that 
became  an  integral  part  of  our  lives,  and  all  for  one  basic  reason. 
The  only  way  to  communicate  the  garnered  wisdom  and  knowledge 
of  one  generation  of  men  to  another  is  by  precept  and  education.  It 
may  be  hard  to  believe,  but  in  Pakistan  no  provision  whatsoever  was 
made  for  scientific  or  technical  or  vocational  education. 

Thus,  even  though  the  entire  object  of  bringing  ihe  canal  waters 
was  to  increase  agricultural  production,  no  one  dreamed  of  intro 
ducing  agricultural  technology  in  the  educational  system.  Something 
like  thirty-one  liberal  arts  colleges  were  built  in  the  country,  one  in 
every  district  headquarters,  to  teach  British  history,  the  metaphysics 
of  Aristotle,  the  laws  of  equity  and  the  principles  of  jurisprudence, 
but  the  whole  of  West  Pakistan  and  the  whole  of  East  Pakistan  had 
to  be  content  with  just  one  agricultural  and  just  one  engineering 
coUcgc-and  this  for  a  population  then  approaching  fifty  million.  1 
cannot  begin  to  convey  my  own  personal  sense  of  disbelief  when 
some  years  ago  1  was  told  that  in  the  United  States  every  state  uni¬ 
versity  grew  around  the  nucleus  of  an  agricultural  faculty  with 
every  other  faculty  added  later,  so  contrary  this  was  to  anything  1 
had  been  used  to  in  Pakistan. 

The  story  repeated  itself  at  all  levels.  The  results  could  have  been 
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foreseen.  The  level  of  agricultural  practice  icinained  as  static  as 
umlrr  the  Mughals.  The  chemical  revolution  of  fertilizers  and  jresti 
rides  touched  us  not.  The  mamifar tilting  crafts  went  into  complete 
oblivion,  Kven  a  steel  plow  had  to  be  imported  fiont  Filmland. 

Why  did  the  British  administration  fail  to  place  any  emphasis  on 
technical  education,  on  mechanical  skills,  or  on  agric  illicit  a)  hus¬ 
bandry?  For  incrhaniial  skills  there  is  |x:ihaps  a  simple  explanation. 
In  the  economic  organization  of  the  empire,  Britain  was  to  Ik1  the 
only  manufacturing  unit.  All  its  other  parts— like'  the  American 
colonies,  India,  N-;cria,  Sudan— were  to  supply  taw  inatctiaiv  Thus, 
from  a  British  administrators  jsoint  of  view  there  was  no  need  to 
foster  mechanical  or  industrial  skills,  foi  these  would  never  lac  ex¬ 
ercised.  Fat  hy  the  same  token  this  attitude  is  hanlci  to  under¬ 
stand  so  far  as  agriculture  is  concerned:  the  attitude  which,  for  ex¬ 
ample,  'ailed  to  hiiild  up  a  projK’i  aginuUiiial  advisory  ami  exten¬ 
sion  service. 

Perhaps  there  is  a  simpler  and  more  charitable  explanation  jw* 
sible.  The  educational  system  of  the  Bntish  India  was  essentially  the 
creation  of  one  man,  the  great  historian  land  Macaulay.  Writing 
his  recommendations  in  1835,  he  strove  to  give  us  the  Irest  that  l)ri- 
tain  could  then  offer.  This  Irest  unfortunately  did  not  embiacc  sci¬ 
ence  and  technology  In  so  far  as  Britain's  industrial  revolution  had 
been  brought  alrout  by  gifted  amateurs,  there  was  in  the  Britain  of 
the  19th  century  no  appreciation  of  the  role  of  technical  education 
in  fostering  industrial  growth.  Tile  first  Royal  Commission  on  Tec  h¬ 
nical  F.diicatiou  did  not  icjxnt  until  1881.  The  hist  p.u I, anientary 
gram  in  Britain  for  scientific  and  technical  education  amounted  to 
no  more  than  three  thousand  dollars.  The  Inst:  jMrlytcc  links  did  not 
come  until  1890.  Unlike  Germany,  modem  Russia,  m  the  United 
States,  Britain  did  not  build  lip  an  industrial  society  through  the 
medium  of  educ  ation.  Whether  or  not  Britain  suffered  at  all  in  the 
long  run  1  shall  not  say,  hut  for  Pakistan,  whose  whole  educational 
system  was  patterned  on  that  of  the  British,  this  was  disastrous. 

In  19-17,  after  ninety  years  of  foreign  rule,  the  nation  stalled  on 
a  new-  phase  of  life.  For  us  in  Pakistan  the  snuggle  for  indcjH'ndoiice 
has  been  fought  on  two  fronts,  one  against  the  Hiitish  for  lil>ci(y 
and  the  second  for  recognition  of  our  scpaiaic  existence.  On  the 
debit  side,  we  started  with  a  desperately  j«>oi  {stipulation,  with  a 
per  capita  income  of  fifteen  cents  a  day.  We  started  with  no  manu 
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factuting  capacity  or  ikilli  and  we  itartcd  with  a  primitive  agricul¬ 
ture.  with  one  fifth  of  our  tultivaied  atca  bedeviled  by  the  twin 
curiei  of  salinity  and  waterlogging. 

On  the  credit  aide,  however,  we  had  two  aueti.  First,  the  revolu¬ 
tion  of  rising  exjwe taiioni  had  hit  Pakistan  at  strongly  as  it  hit  the 
rest  of  the  underdeveloped  world,  Second,  although  there  was  no 
clear  notion  of  how  to  effect  an  economic  transformation  of  society, 
there  was  no  resistance  to  newer  ideas  or  to  a  newer  organisation  of 
life.  I, ike  every  nation  .marling  under  icient  defeat  ol  arms,  we 
loo  had  passed  through  die  pha-e  when  everything  Western  was  an 
anathema,  hut  in  1947  this  phase  of  our  history  was  a  long  way 
behind  us. 

Wc  spent  the  first  ten  years  of  our  independent  exiitrnrr  in  trying 
to  redress  almost  feverishly,  and  perhaps  with  complete  distegard  of 
•ound  economics  or  |>ersonal  suffering  of  the  consumer,  the  imbal¬ 
ance  of  industrialisation.  The  basic  consumer  industriei-likr  tex 
tiles,  sugar,  cement  and  papo  manufacture -were  hastily  created 
by  private  enterprise.  But  it  may  perhapa  be  right  to  date  the  era 
of  our  purposeful  growth  ftom  1958,  the  year  that  President  Ayub 
Khan  came  into  power  and  the  State  Planning  Commission  slatted 
to  function  with  the  fullest  vigor.  About  then  we  began  receiving 
the  maximum  help  from  our  friends  and  allies,  not  the  least  from 
the  United  States,  and  since  then  we  h»'e  saved  and  invested  yearly 
some  twenty  per  cent  of  our  national  income. 

For  the  last  three  years  the  economy  has  grown  at  the  rate  of 
six  per  cent,  the  highest  in  Asia.  Industrially  we  have  reached  ihe 
matin  sty  of  being  able  to  project  a  modest  heavy  industrial  and 
chemical  complex  based  mainly  on  the  major  industiial  raw  ma¬ 
terial  which  wc  possess  in  pl*nty,  natural  gas.  A  modern  shipbuild¬ 
ing  yard  now  exists  in  Ka  *hi;  three  refineries  and  two  steel  plants 
of  half-million  ton  capacity  are  being  erected.  Since  1950,  four  tech¬ 
nical  universities  have  functioned  and  a  number  of  others  are  pro¬ 
jected.  As  a  measure  of  the  level  ol  craftsmanship  achieved,  Pakistan 
is  at  present  the  largest  net  external  supplier  of  surgical  instruments 
to  the  United  Kingdom.  In  agriculture  wc  are  on  the  threshold  of 
the  chemical  revolution.  One  of  the  most  imaginative  of  recent 
scientific  missions  was  the  1961  team  of  university  scientists,  hydiolo- 
gista,  agriculturists,  and  engineers  assembled  on  President  Kennedy’s 
behest  by  Jerome  Wiesnet  and  led  by  Roger  Rcvelle  to  study  the 
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salinity  and  walcrluggiug  pioblem  in  Wot  Pakistan.  Waterlogging 
and  salinity  air  a*  old  ai  irrigation  itself.  It  Itai  also  l*ccn  known  for 
long  (hat  |>io|>cr  drainage  it  thr  only  antwrr.  Inn  what  makes  liori 
rontal  di. image  ini|>ossil>lc  in  the  Indus  plain  is  I  lie  unfoi  lunate 
circumstance  that  the  plain  slopes  no  more  than  a  foot  |>cr  mile. 
Horizontal  drainage  would  be  prohibitive  in  rost.  The  Kcvclle 
train  suggested  vert  is  al  dtainagr  instead  mining  <n  firsh  watei  from 
an  undergiound  reservoir  known  to  exist  by  a  network  of  deep  tube* 
wells,  Some  of  die  water  would  seep  hat  k  umleign  tind,  loat  hing 
away  thr  salt  in  (he  protest,  Also  the  geneial  lowering  of  the  water 
table  on  amount  of  thr  pumping  would  tine  watei  logging. 

I  am  dwelling  on  (lie  work  of  this  team  in  suth  detail  for  there 
is  something  imisortaut  1  wish  to  illustrate— thr  impati  of  high- 
caliber  siicntifn  minds  on  problems  relatively  old.  Vcrlital  drainage 
had  in  fait  been  tr  ied  in  Pakistan  for  the  last  fifteen  ycais.  But  the 
irsults  were  distouraging.  The  great  lontribution  of  the  team  was 
to  stress  that  the  difficulty  tame  from  using  the  method  on  too  small 
a  stale,  A  single  well,  for  example,  has  no  effect  on  the  water-level 
bciausc  watei  seeps  in  (huh  the  suiimmding  a  teas  as  last  as  it  is  re- 
moved.  I'o  achieve  a  substantial  lowering  of  the  water  table  one  must 
exploit  the  simple  fact  that  with  inctcasiug  si/e  of  a  suilaic,  the 
area  iniirases  more  rapidly  than  the  jHtimrtei  -the  same  piintiple 
which  in  wartime  Britain  made  (lie  Biitish  decide  in  favor  of  large 
transatlantic  convoys  as  affording  letter  protection  against  subma¬ 
rines'  pciiphcial  attacks  ratlici  than  convoys  of  tiny  si/r.  Rt  velle's 
calculations— using  extensive  digital  and  linear  pingramming  at  Har¬ 
vard-showed  that  if  one  dealt  with  areas  nosmallci  than  one  million 
acres  (roughly  40  sq.  miles)  the  peripheral  seepage  would  not  win 
against  the  area  pumping;  one  might  then  ho|ie  to  eliminate  water¬ 
logging  within  a  year  or  two.  It  is  (wo  years  since  Revellc's  icjxjrt 
was  presented.  Its  results  have  l>ceii  brilliantly  confirmed  in  (lie  last 
year,  in  a  region  west  of  lathore.  An  earlier  tube-well  S’  heme  cover¬ 
ing  60,000  acres  had  no  effect  on  the  water  level;  a  larger  scheme 
covering  1.2  million  acres  has  drawn  down  the  water  level  by  about 
two  fect-with  an  increase  of  nop  yield  of  Ml-75%. 

1  said  earlier  I  shall  deal  extensively  with  Pakistan  and  the  impact 
of  technology  and  science  on  its  growth  fur  two  reasons;  (iistly  be 
cause  1  am  personally  more  familiar  with  the  piohleius  of  my  own 
country;  secondly  because  1  believe  the  picture  of  Pakistan  is  typical 
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of  the  bulk  of  (he  developing  world.  Pakistan  presents  us  the  picture 
of  an  ancient  civilization,  not  too  distantly  in  a  scientific  and  a 
cultural  lead;  a  proud  nation  humiliated  into  military  submission 
in  the  recent  past.  The  defeat  was  followed  by  an  introduction  of 
newer  technological  ideas  and  the  harnessing  of  its  rivers  for  agri¬ 
cultural  growth.  The  new  pattern  was  beneficial  in  part,  but  there 
wras  no  wholeness  to  it;  tl  ’re  was  no  fostering  of  a  whole  scientific 
and  technological  tradition  accompanying  an  importation  of  tech¬ 
nology.  No  educational  system  was  created  to  carry  the  mastery  of 
newer  technologies  further  After  the  first  flush  of  prosperity,  there 
was  the  inevitable  over  population,  the  inevitable  hunger  and  pov¬ 
erty.  Exactly  the  same  pattern  repeated  itself  in  India,  in  China,  in 
Indonesia,  in  Egypt,  in  North  Africa  and  elsewhere,  but  what  of  to¬ 
day?  The  great  colonial  convulsions  of  the  last  twenty  years  have 
freed  our  nations  from  tutelage.  We  can  plan  and  execute  our  own 
destinies  purposefully,  remembering  the  lessons  of  the  recent  past. 
In  varying  degrees  we  have  realized  that  there  is  only  one  way  for¬ 
ward;  to  pick  up  the  threads  of  technological  and  scientific  revolu¬ 
tion,  to  bring  back  skills  and  learning  from  the  modern  Toledoes. 
Unfortunately  the  magnitude  of  the  problems  is  so  great,  the  scale  so 
vast,  that  along  with  skills  we  also  need  large  quantities  of  scarce 
capital.  Science  and  technology  are  no  magic  wands;  machines  cost 
money  to  make.  A  Roger  Rc.ellc  may  make  the  brilliant  diagnosis- 
area  versus  perimeter  for  Pakistan's  waterlogging  problem— but  the 
tube-wells  must  be  fabricated,  not  just  of  iron  and  brass  but  some¬ 
times,  ‘or  the  very  saline  soils,  of  rest)-;  fibreglass. 

The  path  which  most  developing  countries  are  taking  is  more  or 
less  uniform.  First  and  foremost  i.»  the  acquiring  of  basic  skills  for 
the  operation  of  a  technological  economy  with  priority  on  the  ex¬ 
ploitation  of  natural  resources.  T  hese  may  be  natural  gas  or  oil, 
aluminum  ores  or  the  good  agricultural  earth.  For  the  laiger  coun¬ 
tries  this  may  mean  building  ol  fertilizer- producing  machinery  and 
processing  and  fabrication  plants.  There  is  nothing  more  sensitively 
fell  in  a  developing  country  than  the  feeling  that  those  in  a  richer 
region  would  like  to  see  it  devote  itself  to  primary  production  and 
no  more.  I  said  earlier  the  pattern  .  il  over  the  developing  world  is 
the  same.  To  substantiate  this  let  ;>ie  quote  to  you  from  the  United 
Nations  Sjiecial  Fund  iej>ort.  This  fund  o|xiates  with  a  capital  of 
about  half  a  billion  dollars  and  is  one  of  the  brightest  landmarks  of 
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international  co-operation  initiated  by  that  much  maligned  organi¬ 
zation.  Let  us  follow  alphabetically  the  requests  to  it  of  some  of  the 
various  governments: 

Afghanistan:  Request  for  Survey  of  Ground  Water  Investigation. 

Argentine:  Mineral  Survey  in  the  Andes. 

Bolivia:  Mineral  Survey  of  the  Altiplano. 

Brazil:  Survey  of  the  San  Francisco  River  Basin  and  Rock- 

Salt  Deposits. 

Burma:  Survey  of  Lead,  Zinc  Mining  and  Smelting. 

•  •  •  •  • 

Pakistan:  Engineers’  Training. 

Everywhere  it  is  the  same:  acquiring  of  skills,  and  exploitation  of 
natural  resources,  more  and  more  productive  agriculture. 

These  arc  the  major,  the  urgent  tasks  of  science  and  technology 
today  for  the  emerging  countries.  In  fulfilling  these  we  need  all  the 
help,  all  the  cooperation  we  can  get. 
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IV.  Implications  of  Population 
Trends  for  the  Military 

Philip  M.  Hauser 
World  Population  Growth 

Although  the  first  complete  census  of  mankind  has  yet  to  be  taken, 
it  is  possible  to  reconstruct,  within  reasonable  error  limits,  the  es¬ 
timated  population  of  the  world  from  the  end  of  the  Neolithic  period 
(the  new  Stone  Age)  in  Europe  (8000-7000  B.C.).  At  that  time,  world 
population  is  estimated  at  some  ten  million.  At  the  beginning  of  the 
Christian  Era  the  population  of  the  world  probably  numbered  be¬ 
tween  200  and  300  million.  At  the  beginning  cf  the  Modern  Era 
(1650)  world  population  reached  about  500  million.  In  1965  world 
population  totaled  3  3  billion.  A  relatively  simple  analysis  of  these 
numbers  discloses  that  an  enormous  increase  in  the  rate  of  world 
population  growth  has  occurred,  especially  during  the  past  three 
centuries. 

It  is  estimated  that  for  the  some  six  hundred  thousand  years  of 
the  Paleolithic  Age  (the  old  Stone  Age)  population  growth  perhaps 
approximated  0.02  per  thousand  per  year.  During  the  three  centuries 
of  the  Modern  Era  population  growth  increased  from  about  three 
per  thousand  to  ten  per  thousand  per  year  during  the  interwar  years. 
The  rate  of  world  population  growth  continued  to  accelerate  after 
World  War  II,  so  that  in  1965  it  approximated  20  per  thousand  per 
year.  In  the  course  of  man's  inhabitation  of  this  globe,  then,  his  rate 
of  population  growth  has  increased  from  a  rate  of  about  two  per  cent 
per  millennium  to  two  per  cent  per  year,  a  thousandfold  increase  in 
growth  rate. 

PHILIP  ,\1.  HAUSER,  Professor  and  Chairman  of  the  Departmrnt  of 
Sociology,  The  University  of  Chicago.  Dr.  Hauser  was  chairman  of  the 
technical  advisory  committee  for  the  i960  Population  Census,  and  is  a 
former  acting  director  of  the  Bureau  of  the  Census  He  is  currently 
director  of  the  University  of  Chicago's  Population  Research  and  Train¬ 
ing  Center 
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Although  two  per  cent  per  year  may  seem  like  a  small  return  on 
investment  to  persons  fortunate  enough  to  have  funds  out  at  interest, 
it  turns  out  to  be  a  truly  astonishing  rate  of  world  population 
growth.  For  example,  to  produce  the  present  population  of  the 
world,  about  3  billion,  one  dozen  persons  increasing  at  a  rate  of  two 
per  cent  per  year  would  have  required  only  976  years.  Yet  homo  sa¬ 
piens  alone  have  been  on  this  earth  at  least  25  to  30  thousand  years. 
Similarly  the  same  one  dozen  persons  reproducing  at  the  rate  of  two 
per  cent  per  year  since  the  beginning  of  the  Christian  Era  could  have 
by  1965  had  over  300  million  descendants  for  each  one  actually  pres¬ 
ent  on  the  face  of  the  earth. 

Further  appreciation  of  the  meaning  of  a  two  per  cent  rate  of  in¬ 
crease  [>er  year  is  gained  by  observing  the  jsopulalion  that  this 
growth  rate  would  produce  in  the  future.  It  would  from  the  present 
pope  n  of  over  3  billion  provide  enough  people,  in  lock  step,  to 
reach  (tom  the  earth  to  the  sun  in  237  years.  It  would  give  one  per¬ 
son  for  each  square  foot  of  land  surface  on  the  globe,  including 
mountains,  deserts  and  the  arctic  wastes,  in  alxmt  six  and  one  half 
centuries.  It  would  generate  a  population  which  would  weigh  as 
much  as  the  earth  itself  in  1,566  years.  T  hese  periods  of  time  may 
seem  long  when  measured  by  the  length  of  the  individual  life  time. 
But  they  ate  but  small  inlet vals  of  time  measured  in  the  time  per¬ 
spective  of  the  evolutionary  development  of  man. 

Projections  of  this  type,  of  course,  are  not  to  be  interpreted  as  pre¬ 
dictions.  They  merely  help  to  indicate  the  meaning  of  the  present 
rate  of  growth.  They  also  jrermit  another  firm  conclusion,  namely: 
that  tite  present  rate  of  world  imputation  growth  cannot  possibly 
persist  for  very  long  into  the  future.  As  a  matter  of  fact,  in  the  long 
run.  given  a  finite  globe  and  excluding  the  possibilities  of  exporting 
human  population  to  outer  space,  any  rate  ol  population  growth 
would  in  time  saturate  the  globe  and  exhaust  space  itself.  In  the 
long  run,  man  will  necessarily  be  faced  with  the  problem  of  restrict 
ing  his  rate  of  increase  to  maintain  some  balance  between  his  nuin- 
be:  i  and  the  finite  dimensions  of  this  planet. 

It  took  most  of  the  millennia  of  man's  habitation  of  this  planet  to 
produce  a  population  as  great  as  one  billion  persons  simultaneously 
alive.  This  population  was  not  achieved  until  approximately  1825. 
To  produce  a  population  of  two  billion  persons  simultaneously  alive 
required  only  an  additional  105  years— for  this  number  was  achieved 
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by  1930.  To  reach  a  population  of  3  billion  persons  required  only 
an  additional  30  years— for  this  was  the  total  in  1960.  Continuation 
of  the  trend  would  produce  a  fourth  billion  by  1977,  in  only  17 
years;  a  fifth  billion  by  1987,  in  only  ten  years;  and  a  sixth  billion 
in  1996,  in  only  8  years. 

Analyses  of  this  type  have  led  the  student  of  population,  the  de 
mographer,  to  use  emotional  and  unscientific  language  on  occasion 
to  describe  population  developments.  Such  a  phrase  as  “the  popula¬ 
tion  explosion”  is  admittedly  non-scientific  language;  but  it  serves  to 
emphasize  the  dramatic  increase  in  man's  rate  of  growth  and  to  call 
attention  to  its  many  implications. 

Explanation  of  Explosion 

Why  has  the  rate  of  world  population  growth  increased  so  great¬ 
ly?  Although  some  changes  in  birth  rates  were  also  involved,  it  is 
clear  that  the  major  element  in  the  great  acceleration  of  population 
growth  first  evident  in  Europe  and  areas  of  European  settlement, 
was  die  decline  in  the  death  rate.  Three  factors  contributed  to  this 
decline.  The  first  was  the  general  increase  in  level  of  living  resulting 
from  technological  advances  and  increased  productivity  and  the 
achievement  of  long  periods  of  peace  and  tranquility  by  reason  of 
the  emergence  of  relatively  powerful  and  stable  central  government. 
The  second  major  factor  accounting  for  the  decrease  in  mortality 
was  the  achievement  of  environmental  sanitation  and  improved  per¬ 
sonal  hygiene.  During  the  19th  century  great  strides  were  made  in 
purifying  food  and  water  and  improving  personal  cleanliness,  which 
contributed  materially  to  the  ehmination  of  parasitic,  infectious,  and 
contagious  diseases.  The  third  major  factor  is,  of  course,  to  be  found 
in  the  great  and  growing  contribution  of  modern  medicine— en¬ 
hanced  by  the  recent  progress  in  chemotherapy  and  the  insecticides. 

These  developments  during  the  Modem  Era  upset  the  equilibrium 
between  the  birth  rate  and  the  death  rate  that  characterized  most  of 
the  millennia  of  human  existence.  In  18th  century  France,  for  ex¬ 
ample,  of  a  thousand  infants  born,  233  had  died  before  they  reached 
age  1;  498  had  died  before  they  reached  age  20;  and  786  had  died  be¬ 
fore  they  reached  age  60.  In  contrast,  in  present-day  France,  of  a 
thousand  infants  born,  only  40  had  died  before  age  1;  only  60  had 
died  liefore  age  20;  and  only  246  had  died  before  age  60.  In  18th  cen¬ 
tury  France,  of  die  original  one  thousand  infants  only  214  sup  ved 
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to  age  00,  In  contemporary  France,  751  of  the  original  infants  were 
still  alive  at  age  00.  As  a  result  of  such  decrease  in  death  rates,  the 
one  hundred  million  Euro|>eaiis  of  1650  had  three  centuries  later 
altout  9-10  million  descendants. 

Prior  to  World  War  II,  the  spectaculat  decrease  in  the  death  rate 
of  the  economically  advanced  nations  had  not  been  shared  by  most 
of  the  (xzpulation  of  the  world.  Of  the  people  of  tiotv  Eurojsean  stock, 
only  Japan  had  managed  appreciably  to  increase  longevity.  The 
two-thirds  of  the  world  s  people  who  live  in  the  economically  under¬ 
developed  nations— Asia,  Latin  America,  and  Africa— before  World 
War  II  had  achieved  some  decrease  in  mortality,  largely  through 
contact  with  advanced  nations.  But  most  of  the  world's  people  prior 
to  Woild  War  II  were  characterized  by  an  expectation  of  life  at 
birth  no  greater  than  that  which  Western  Europeans  experienced 
during  the  Middle  Ages. 

This  situation  has  dramatically  changed  since  the  end  of  World 
War  II.  A  combination  of  factors  including  the  advent  of  the  United 
Nations  and  the  specialized  agencies  with  programs  emphasizing 
economic  development  and  dissemination  of  chemcdierapy  and  in¬ 
secticides  have  opened  up  to  the  mass  of  the  world's  people  the 
achievement  of  20th  century  death  rates.  Since  the  end  of  World 
War  II,  the  decline  in  mortality  among  the  economically  under¬ 
developed  areas  of  the  world  have  been  more  dramatic  than  that 
which  was  experienced  in  the  industializcd  areas. 

Longevity  is  now  increasing  much  more  rapidly  in  the  less  devel¬ 
oped  areas  than  it  did  among  Euro|>caiis  and  European  stock  be¬ 
cause  of  the  much  more  fiowcrlul  means  now  available  for  eliminat¬ 
ing  causes  of  mortality.  For  example,  the  death  rate  of  the  Moslem 
population  in  Algeria  in  1946-47  was  higher  than  that  of  Sweden  in 
1771-80,  more  than  a  century  and  a  half  earlier.  By  1955,  however, 
in  eight  years,  the  decrease  in  the  death  rate  in  Algeria  was  greater 
than  that  Sweden  experienced  during  the  century  from  1775  to 
1875.  Between  1940  and  1960,  Mexico,  Costa  Rica,  Venezuela,  Cey¬ 
lon,  Malaya,  and  Singapore  were  among  the  nations  which  decreased 
their  death  rates  by  more  than  50  per  cent.  Ceylon’s  death  rate  was 
decreased  by  more  than  50  per  cent  in  less  than  a  decade. 

While  death  rates  fell  sharply  in  the  underdeveloped  areas,  birth 
rates  remained  at  high  levels.  Whereas  birth  rates  in  the  economi¬ 
cally  advanced  areas  were  mainly  between  17  to  23  (per  1000  persons 
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per  ycai),  those  of  the  developing  region*  were  predominantly  above 
40.  As  a  result,  who  teas  growth  rate*  in  the  history  of  the  industri¬ 
alized  nation*  rarely  exceeded  1  [<r  cent  per  annum  without  immi¬ 
gration,  annual  growth  rates  in  the  developing  nation*  arc  above  2 
per  cent,  and  many  are  above  .1  per  cent.  A  3  j»er  cent  per  annum 
growth  rate  double*  a  population  in  25  year*.  Since  the  developing 
nations  contain  over  two  thirds  of  the  world  *  population,  the  growth 
rate  of  the  world  a*  a  whole  it  accelerating  despite  the  fertility  de¬ 
cline  which  began  during  the  19th  century  in  the  economically  ad¬ 
vanced  nations.  Among  the  non- Western  nations  of  appreciable  size, 
only  in  Japan  has  the  birth  rate  declined.  The  developing  nation*  in 
Asia,  Latin  America,  and  Africa,  with  their  20th  century  death  rate* 
and  medieval  birth  rates,  are  nut  only  perpetuating  but  also  are 
actually  accelerating  the  world  population  explosion. 

World  Projections  to  2000 

1  ne  United  Nations  has  issued  provisional  population  projections 
for  the  world  and  foi  the  developed  and  developing  areas,  to  the  end 
of  the  century.  They  indicate  that  if  present  trends  were  to  continue, 
world  population  would  reach  7.4  billion  by  2000 

If  the  birth  rate  were  to  decline,  at  varying  rates  and  with  differ¬ 
ent  timing,  while  mortality  continues  its  decline,  three  additional 
projections  are  calculated  by  the  Unit'd  Nations  and  published  as 
"high.  low,  and  medium  variant  projections."  The  "high”  variant 
gives  a  world  population  in  2000  of  0.8  billion,  the  "medium”  vari¬ 
ant  6.0  billion,  and  the  "low"  variant  5.3  billion.  On  the  basis  of  its 
analysis,  the  United  Nations  publication  concludes  that  "it  is  safe  to 
estimate  that  the  worlds  population  in  the  year  2000  will  he  no 
more  than  6,500  and  no  less  than  5,600  million  provided  unforesee¬ 
able  events  having  largo  consequences  in  a  major  portion  of  the 
world  do  not  occur.” 

Each  of  the  United  Nations  variants  below  the  projection  based 
on  the  continuation  of  present  trends  assumes  a  reduction  of  birth 
rates  during  the  remainder  of  this  century  in  present  high  fertility 
areas.  It  must  l>e  emphasized  that  up  to  this  time  there  is  no  firm 
evidence,  despite  s|>etifk  efforts,  that  such  reductions  in  the  birth 
rate  have  yet  occurred  among  the  mass  illiterate  and  impoverished 
populations  of  Asia,  Latin  America,  and  Afrit  a.  In  consequence,  the 
projection  based  on  the  continuation  of  present  trends  cannot  be 
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dismissed  as  outside  the  tange  of  possibility.  Any  of  the  other  vari¬ 
ant  projections,  then,  have  built  into  them  assumptions  of  fertility 
decline  that  at  the  picsent  may  Ijc  nunc  accurately  desc ribed  as  wish¬ 
ful  thinking  than  realistic.  Foi  puijxjscsof  this  discussion  the  United 
Nations  "high"  variant  projection  will  l»e  employed,  therefore,  even 
though  the  United  Nations  accepts  its  "median"  variant  as  the  most 
probable.  It  should  be  stressed,  however,  that  the  discussion  which 
follows  and  the  conclusions  reached  would  not  vary  significantly  if 
the  "medium"  or,  for  that  matter  any  of  the  other  projections  were 
used. 

On  the  basis  of  tire  ‘"high"  projection,  the  population  of  the  world 
as  a  whole  would  intreasc  from  about  three  billion  in  I !*T»0  to  6.8 
billion  by  the  year  2000.  Hence,  world  imputation  would  more  than 
double  during  the  remainder  of  this  century,  l  ire  effect  of  declining 
mortality  especially  in  the  less  developed  ateas,  may  be  readily  seen 
by  comparing  anticipated  growth  in  the  second  half  of  this  century 
with  actual  growth  during  the  first  half.  Between  1900  and  1950, 
woild  population  increased  by  less  than  ottc  billion  persons.  Be 
tween  1950  and  2000,  the  "  high"  projection  indicates  an  increase  of 
4.5  billion  persons.  That  is,  the  absolute  increase  in  the  population 
of  the  world  during  the:  second  half  of  this  century  may  be  almost 
four  and  one  third  limes  as  great  as  that  during  the  first  half  of  the 
century.  During  the  second  half  of  this  century,  there  could  be  a 
greater  increase  in  world  jropulation  than  was  achieved  in  all  the 
millennia  of  human  existence  up  to  the  present  time. 

Extension  of  the  "high"  variant  projection,  ac  cording  to  the  United 
Nations,  produces  a  world  population  of  14  billion  by  2050.  Thus, 
it  is  possible  that  children  now  entering  school  will,  during  their 
lifetimes,  be  living  m  a  world  with  almost  five  times  its  present  num¬ 
bers. 

Projections  of  Developed  and  Less  Developed  Areas 

Of  special  economic  and  political  import  for  the  remainder  of  this 
century  is  the  differential  in  the  growth  rate  of  the  "developed"  and 
the  "developing”  areas,  rcsjrcctively.  The  United  Nations  "high" 
projections  indicate  that  the  less  developed  areas  would  have  an  ag¬ 
gregate  population  of  about  5.5  billion  persons  by  2000,  whereas  the 
more  developed  areas  would  total  about  1.4  billion.  According  to 
these  projections,  then,  the  less  developed  areas  with  a  population 
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of  2,2  billion  in  1960  would  increase  by  jomt  3.5  billion  persons  by 
the  end  of  the  ccntuiy,  or  by  150  |>er  cent.  In  contrast,  the  more  de- 
vclojred  ateas  would  increase  by  only  525  million  persons,  or  by 
about  60  per  cent.  The  population  increase  in  the  less  developed 
areas  would  be  over  6  times  as  great  as  that  in  the  more  developed 
areas.  Moreover,  it  may  be  noted  that  the  less  developed  areas,  ac¬ 
cording  to  this  projection— a  quite  plausible  one -would  increase  in 
the  last  four  decades  of  this  century  by  a  greater  number  of  persons 
than  the  total  present  population  of  the  globe. 

In  I960,  about  71  per  cent  of  the  world  imputation  lived  in  the 
less  developed  areas  and  only  29  per  cent  in  the  more  developed.  By 
2000,  it  is  possible  that  the  population  in  the  less  developed  areas 
would  have  increased  to  80  per  rent  of  the  world’s  total,  and  that  the 
population  in  the  present  more  developed  areas  would  have  shrunk 
to  20  per  cent. 

The  significance  of  present  and  prospective  rates  of  population 
gjowth  is  to  Le  found  in  their  implications  for  levels  of  living  and 
world  politics. 

World  Resources 

l.et  us  examine  first  of  all  the  often  discussed  relation  of  popula¬ 
tion  growih  to  resources  and  especially  to  food  supply.  A  recent  an¬ 
alysis  of  the  world  resources  picture  by  Joseph  L.  Fisher  and  Neal 
Potter  of  Resources  for  the  Future,  Inc.  indicates  that  there  is  neither 
justification  for  the  belief  that  the  world  is  faced  with  an  imminent 
exhaustion  of  critical  materials  or  the  belief  that  man's  ingenuity 
can  resolve  all  the  problems  that  may  be  precipitated  by  the  increas¬ 
ing  pressure  of  population  upon  resources.  The  picture  in  respect 
of  raw  materials  is  quite  mixed,  The  world  outlook,  and  that  for  the 
developing  areas  in  general,  is  rather  good  in  respect  of  energy  com¬ 
modities  and,  especially,  with  the  potential  of  the  energy  of  the  atom. 
But  the  prospect  is  less  favorable  for  food  and  in  the  past  several 
years  has  turned  dismal. 

Almost  a  doubling  of  world  food  output  is  needed  to  supply  a  nu¬ 
tritionally  adequate  diet  to  the  present  populations  in  the  less 
developeu  areas.  If  an  adequate  diet  is  to  be  achieved  lor  a  world 
population  which  will  more  than  double  by  2000,  food  production 
must  more  than  quadruple  by  the  end  of  the  century.  This  would 
require  greater  annual  increases  in  food  production  than  have  ever 
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been  attained  over  a  prolonged  period  of  time.  Moreover,  within  the 
past  few  years,  jtopulahon  growth  has  actually  outdislanied  food 
production  in  many  ateas.  A  study  completed  by  Lester  R.  Brown  of 
the  U.S.  Depaitment  of  Agruiiltuir  in  I !Xlr>,  indicates  that  in  Asia 
food  ]>er  person  has  declined  by  4  per  cent  since  I%1,  and  in  Latin 
America  by  0  per  tent.  In  Africa  food  productimi  lute  thus  far  kept 
up  with  the  population  nutcase  but  a  decline  in  |K'i  tapita  loud  pio- 
durtion  seems  imminent.  The  increase  in  food  production  which 
followed  World  War  II,  during  which  food  production  greatly  de¬ 
clined,  leveled  off  in  around  l%0,  and  since  then  it  has  failed  to 
keeji  pace  with  population  giowth.  The  pmsjH’tt  of  focxl  shoitages 
in  Asia,  parts  of  Latin  America  and  Africa  within  the  next  decade 
or  so  cannot  be  easily  dismissed. 

Critical  piublcm,  face  the  woi’d  during  the  remainder  of  this  cen¬ 
tury,  f  owever,  even  if  the  threats  of  lower  levels  of  living  or  mass 
starvation  fail  to  materialize.  That  is,  even  if  piesent  levels  of  living 
are  maintained  to  the  end  of  the  centniv  in  the  less  developed  areas, 
the  world  may  l»c  plagued  by  discs  that  will  grow  ever  more  acute 
and  thieatrn  world  peace  by  reasons  of  continued  explosive  |>opu- 
lation  growth,  This  is  likely  because  crucial  problems  may  be  prop¬ 
agated  by  failure  to  achieve  substantially  higliei  levels  of  living  con¬ 
sonant  with  the  new  exjK'ctations  of  the  mass  populations  cd  the 
world,  and  the  national  aspirations  of  tire  new,  emergent  jH»st  war 
nations. 

Intkrpi  ay  of  Population  and  Oihkr  KaiioRs 

The  role  trf  jtcpulation  in  determining  the  world's  economic  and 
political  destinies  during  the  remainder  of  this  century  may  be 
grasped  by  considering  simultaneously  the  following  nine  pioposi 
lions: 

1.  We  live  in  a  world  of  "have"  and  "have-not"  nations. 

2.  The  international  differences  in  levels  of  living,  by  reason  of  the 
"revolution  of  rising  expectations,"  have  become  "felt"  differences. 

3.  The  have-not  nations  are  striving  in  achieve  higher  living  levels 
and  they  have  made  this  goal,  apart  front  indr|tcnclen(  e  if  they 
have  not  yet  achieved  it,  their  major  national  aspiration. 

4.  There  is  an  inverse  correlation  Imiween  lesels  ol  living  and  pres¬ 
ent  or  projected  rates  of  |tctpulation  giowth. 

5.  Rapid  population  giowth  is  obstrmling  effotts  to  taise  levels  of 
living  in  the  developing  regions  of  the  world. 
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6.  Despite  national  and  international  efforti  to  raiK  Irvrli  of  liv¬ 
ing.  (liipatiiiri  between  have  and  have-not  nations  arc  increasing 
rather  than  decreasing. 

7.  The  attelerating  rate  of  urbanisation  in  the  developing  areas  is 
exacerbating  social  unrest,  political  instability,  and  threats  to 
world  peace. 

8.  'Hie  bi  polar  world  political  alignment— the  umfrontatnin  between 
"t -aprtahit"  and  "Communist''  nationi  nr  the  “Fast  Writ'1  cold 
war— is  augmenting  the  tcniimis  arising  (nun  frustrations  in  efforts 
to  nice  levels  of  living  in  the  developing  regi  "is. 

9.  The  bi  polar  political  wmld  is  firing  fiagmentrd  by  have  and  have 
not  differentiation  within  the  Communist  blue  and  the  DeCaulliit 
schism  in  the  Western  front.  Poisiblr  world  (mlitical  realignment 
is  under  way  on  a  have,  have  not  basis  rather  than  on  a  capitalill- 
communist  basis.  This  would  produce  a  "North-South"  rather  than 
“East-West”  confrontation. 

Let  us  proceed  to  an  elaboration  of  each  of  these  propositions  and 
a  consideration  of  their  interrelationships. 

Have  and  Have  not  Nations 

In  1962  per  capita  product  by  continents  ranged  from  $124  per 
year  in  Asia  and  $  128  per  year  in  Africa  to  $2,866  jrer  year  in  North 
ern  America  (America  north  of  the  Uio  (irande).  Asia  with  56  per 
cent  of  the  world’s  population  had  but  14  per  cent  of  the  wot  Id's 
gross  national  product.  In  contrast,  Northern  America  together  with 
Northern  and  Western  Europe  and  Central  Europe  excluding  the 
Sino Soviet  (iouruues,  with  less  than  12  (*er  cent  of  the  world’s  pop¬ 
ulation,  had  59  j>er  cent  of  the  wot  Id’s  gross  national  product. 

To  capita  piodin  t  in  averaged  $189  for  the  world  as  a  whole. 
The  continental  sub-regions  with  p-i  capita  product  above  the 
world  average,  one  measure  of  ’’more  develop'd”  areas  bail  an  av¬ 
erage  (h.'i  capita  pioditct  of  $1,504,  In  contrast,  the  continental  re¬ 
gions  with  per  capita  proclmts  below  the  world  average,  the  "lees 
develojtecl"  areas,  had  a  per  capita  product  j»er  year  of  but  $153. 

Although  questions  can  Ire:  raised  altout  the  precision  of  the  es¬ 
timates  of  |>et  capita  product,  iioitetheltss  it  is  clear  that,  by  ami 
large,  thete  at*'  great  disparities  am<  ng  the  nations  in  levels  of  living. 

The  Ri.vot.tmoN  or  Exrtt.i  auons 

Thtottghout  human  history  there  have  been  important  differences 
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in  level*  of  living  both  among  ami  within  nations.  This  fail,  how 
rvci,  has  gained  a  new  significance  in  metit  times  am)  ji.n  lit  ularly 
since  the  end  ol  World  War  11.  1  lie  world  has  been  swept  by  the 
“revolution  of  rising  rxjtec  tatioiis,"  to  use  the  fclhilous  phrase  of 
out  Assistant  Secictaiy  of  Stale,  H.olan  Cleveland.  No  longei  ate 
their  any  people  •»  on  the  fair  of  the  earth  who  aie  willing  to  settle 
for  set ond  plate  and  who  are  not  insisting  ii|h>ii  independence  if 
they  have  tux  already  athieved  it. 

In  eoiiscepu  me.  elilleiemes  lieiwecn  have  and  hase-uot  nations 
have  in  our  own  time  liecome  “felt"  differences.  a  term  nsetl  some 
time  ago  by  Wat  ten  S.  Thompson  hi  his  discussion  of  |>opulation 
ptohleins  and  wotltl  tensions. 

ECONOMIC:  Dt  VLLOI’MKN  r  l’ROc.RAMS 

The  have-not  nations  of  the  world  are  striving  to  achieve  higher 
living  levels  They  have  made  ecomunii  development  a  m.ijot  na 
lional  aspn.  tion.  1  he  ecomnnu  clevelopinent  of  die  niidei developed 
areas  has  indeed  iH-tonie  an  international  goal  js  set  foith  in  the 
( Mattel  of  the  United  Nations  ami  as  manifest  in  the  'oicign  aid  pro 
giants  of  many  ol  the  ei  oiioinu  alls  advamed  nations,  both  govern- 
mental  and  private.  It  is  piobahly  roirett  to  say  that  tlieie  uevei 
was  a  time  in  the-  histoty  of  man  when  the  .ichiesenuni  ol  higher 
I i \  ing  levels  was  as  nnivetsal  a  goal  among  all  ol  mankind. 

Invihm  Khaiion  Hrissr.rN  I'oi’I'i.aiion  Growth  am>  l.r.vns  ok 

I.ivinc; 

There  is  an  inveir.e  cotielution  between  piesciit  and  ptnjeeted 
tales  of  j copulation  giowth  and  the  level  ol  living,  pot  example,  of 
the  8  (cMitiiKiu.il  sub  legions  which  had  giowth  lates  ahove  the  av¬ 
erage  loi  the  wol  Id  as  ptojccied  (tom  Uhi2  to  2<KHI,  in  7,  per  capita 
pi  culm  t  w  as  below  the  aveiage  of  the  world.  Coniiatiwisc,  in  every 
one  ol  the  cnmiliental  legions  in  sshuh  pel  capita  prodmt  is  aimer 
tin  \soild  aveiage-  the  annuai  population  giowth  iatc  piojccted  lie- 
tween  1(812  and  2IMIU  is  Ik  low  dial  ol  the  wot  Id  aveiage. 

Ill  geneial,  foi  the  weulel  as  a  whole,  poseits  is  assoiialed  with 
iclatiseb  high  tales  ot  jKipulation  in<  tease.  Among  |kmh  l  uio|H  .m 
nations.  howevet,  cirspite  then  pawns,  lel.etiwls  low  |Hipn|aiion 
giowth  tales  obtain,  lint  puv« -tty  in  Kuio|»e  is  a  iclatisc  niaiiei  It  is 
significant  that  jh'i  capita  pioducl  in  die  jteeot  countiies  ol  tin  ope 
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is  about  4  to  5  times  that  of  |hkji  countries  in  Asia,  and  almost  twi'  e 
dial  of  the  poor  countries  in  South  and  Middle  America, 

Ratio  Population  Growth  Obsitojcts  Economic  Development 

Study  of  the  relationship  between  population  growth  and  compo¬ 
sition  and  economic  development  in  recent  years  has  disclosed  that 
population  factors  operate  to  obstruct  efforts  to  achieve  higher  levels 
of  living.  Per  capita  product  cannot  be  increased  unless  aggregate 
output  rises  more  rapidly  than  does  population.  Rapid  population 
growth  obstructs  increases  in  per  capita  product  in  a  number  of 
ways: 

a.  it  imposes  requirements  for  capital  investment  which  strains  the 
underdeveloped  economy  even  to  maintain  its  current  per  capita 
product,  let  alone  to  achieve  an  increase; 

b.  it  produces  or  threatens  to  effect  population-resources  ratios  re¬ 
sulting  in  diminishing  returns; 

c.  it  produces  ar  unfavorable  age  structure,  that  is,  a  population  with 
a  relatively  uigh  proportion  of  dependents  attd  a  relatively  low 
proportion  of  producers  which,  all  other  things  being  equal,  tends 
to  depress  product  per  capita; 

d.  it  requires  a  relatively  large  allocation  of  limited  savings  to  the 
rearing  of  the  young  at  the  expense  of  restricting  resources  avail¬ 
able  for  direct  production  investnftnt  such  as  investment  in  fer¬ 
tilizer.  tractors,  electric  power  cr  industrial  plant; 

e.  it  diminishes  savings  available  per  capita  lor  investment  in  human 
resources,  that  is,  investment  in  education  and  training. 

Gap  Between  Have  and  Have-not  Nations  is  Increasing 

Despite  multilateral  and  bilateral  efforts  to  assist  the  developing 
nations  to  achieve  higher  levels  of  living,  such  evidence  as  is  avail¬ 
able  indicates  that  the  disparities  between  have  and  have  rot  na¬ 
tions  is  increasing  rather  than  decreasing.  Have-not  nations,  rative 
to  have  nations,  are  doubly  handicapped  in  efforts  to  reduce  the 
disparity  in  levels  of  living.  First,  by  reason  of  their  small  produc¬ 
tive  and  technological  base,  even  relatively  large  percentage  rates  of 
growth  produce  rather  small  absolute  increments  in  levels  of  living. 
In  contrast  the  increments  attained  by  the  advanced  nations  are  rel¬ 
atively  large,  even  with  low  rates  of  economic  growth.  For  example, 
a  ten  per  cent  increase  in  product  in  Asia  produces  an  absolute  an- 


TENTH  ANN/',  ERSARY  AFOSR  SCIENTIFIC  SEMINAR  5S 


nual  increment  of  about  $12  per  capita;  in  northern  America  a  ter. 
per  cent  increase  produces  an  increment  of  J278  per  capita. 

Second,  the  rapid  rate  of  population  growth  in  the  developing 
areas  requires  more  rapid  rates  of  economic  growth  than  in  the  de¬ 
veloped  areas  merely  to  maintain  already  existing  levels  of  living. 
Northern  America,  for  example,  during  the  remainder  of  this  cen¬ 
tury  can  maintain  its  present  level  of  living  by  an  economic  growth 
of  1.6  per  cent  per  annum,  Asia,  in  contrast,  to  maintain  even  her 
present  level  of  living  must  achieve  an  economic  growth  rate  of  2.1 
per  cent  per  annum. 

The  Impact  of  Urbanization 

The  rate  of  world  urbanization  has  been  accelerating  over  the  en¬ 
tice  period  that  we  arc  able  to  measure  it  with  reasonable  accuracy, 
that  is,  since  1800.  In  the  19th  century  the  major  impetus  to  world 
urbanization  was  given  by  the  urbanization  in  Europe  and  North 
America.  During  the  20th  century,  however,  the  major  impetus  to 
world  urbanization  is  given  by  rapid  urbanization  in  the  developing 
regions  of  Asia,  Latin  America  and  Africa. 

Rapid  urbanization  in  the  developing  areas  has  a  special  signifi¬ 
cance  in  any  effort  to  evaluate  factors  associated  with  mounting 
world  tensions.  For  poverty  and  frustration  concentrated  in  the  ur¬ 
ban  setting  h  ;ve  a  potential  for  generating  social  unrest,  political 
instability  and  threats  to  world  peace  of  a  much  greater  magnitude 
than  poverty  and  frustration  dispersed  widely  over  the  countryside. 

Bi-polar  Political  World 

bii.vC  .Tc  k...d  iif  «toitu  V'*r  II  die  worn!  t.a*  Km  increasingly 
divided  into  a  Capitalist  Bloc,  a  Communist  Bloc,  and  a  third  neu 
tral  or  uncommitted  bloc.  Interestingly  enough,  one-third  of  the 
world’s  population  is  to  be  found  in  each  of  these  blocs.  Never  be¬ 
fore  in  the  history  of  man  have  such  gigantic  antagonists  as  those 
represented  by  the  Capitalist  and  Communist,  or  "Western’'  and 
"Eastern"  blocs  been  manifest.  They  confront  one  another  on  ideo¬ 
logical,  economic,  social,  .'olitical,  and,  from  time  to  time,  military 
fronts.  The  East  and  West,  respectively,  have  each  been  trying  to 
win  the  allegiance  of  the  neutral  or  uncommitted  blocs  of  nations. 
This  is  manifest  in  the  prolonged  struggle  for  the  minds  and  alle¬ 
giance  of  the  peoples  of  South  and  Southeast  Asia.  More  recently,  it 
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has  given  rise  to  increasingly  intense  competition  in  Africa;  ami  it 
continues  to  constitute  a  threat  to  Latin  America's  identification 
with  the  West,  especially  since  the  advent  of  Castro's  Cuba.  The 
weapons  employed  in  this  confrontation  are  varied  including  propa¬ 
ganda,  economic  aid  subversion,  and  military  confrontation. 

The  outcome  of  the  cold  war,  in  large  measure,  may  depend  on 
the  ability  of  the  developing  nations  to  control  their  rates  of  popu¬ 
lation  growth  and,  theteby,  to  effect  higher  levels  of  living  as  meas¬ 
ured  by  per  capita  product.  It  is  almost  certain  that  failure  to 
advance  their  levels  of  living  would  leave  the  have-not  nations  of  the 
world  more  open  to  the  blandishments  of  the  Communist  world. 
The  Communist  Bloc  is  in  the  advantageous  position  of  appealing 
to  anti-imperialist  sentiment  as  it  blames  Western  imperialism  for 
the  present  poverty  of  the  underdeveloped  nations;  and  of  being 
able  thus  far,  more  successfully  to  exploit  the  inequities  and  iniqui¬ 
ties  characterizing  economic  and  social  organization  in  many  of  the 
less  developed  nations.  Moreover,  the  communist  appeal  is  appar¬ 
ently  more  alluring  and  appealing  to  many  peoples  than  appeals 
yet  developed  by  the  West.  The  communist  appeal  in  terms  of  agrar¬ 
ian  reform,  racial  equality,  and  fuller  stomachs  seems  on  the  whole 
to  be  more  effective  than  the  more  abstract  Western  appeal  for  free¬ 
dom  and  democracy. 

To  the  extent,  then,  that  population  is  a  major  factor  in  obstruct¬ 
ing  economic  development,  it  is  a  factor  which,  in  the  contemporary 
world,  is  contributing  to  mounting  social  unrest,  political  instability 
and  th  eats  to  world  peace  which  are  being  exacerbated  by  the  Cold 
War. 

North-South  At  !CNMe~T 

Over  recent  years,  a  schism  has  become  manifest  both  within  the 
East  and  West  producing  tensions  within,  as  well  ;xs  between,  these 
blocs.  Within  the  East  at  least,  the  split  between  the  USSR  and 
China  may  well  have  occurred  not  only  from  publicized  ideological 
differences,  but,  also,  from  their  disparity  in  economic  development— 
from  the  relative  "have"  and  "have-not"  positions  of  the  USSR  and 
China,  respectively. 

The  annual  per  capita  product  in  1962  for  all  the  Sino-Soviet 
counti  ies  combined  was  $269.  Within  the  Sino  Soviet  bloc,  however, 
per  capita  product  ranged  from  $9\  in  Southeast  Asia  to  an  cats- 
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mated  $790  in  the  USSR,  l'he  countries  of  East  Asia  n  tfte  Com 
munist  Bloc,  predominantly  China,  had  a  per  capita  product  csti- 
mated  at  $95  per  annum.  The  present  reluctance  of  the  USSR  to 
use  war  an  an  instrument  of  policy  for  the  expansion  of  world  com¬ 
munism,  in  contrast  with  the  willingness  of  China  to  do  so,  may 
we'l  be  attributed  in  some  part  to  the  “have"  position  which  Russia 
has  achieved  in  contrast  with  China's  relatively  desperate  "have- 
not"  situation.  China  with  a  population  approximating  seven  hun¬ 
dred  millions  and  a  growth  rate  approximating  perhaps  2  per  cent 
per  year  may  be  growing  increasingly  conscious  of  the  disparities  in 
the  man-land  ratios  in  China  and  in  Russian  Sibeiia.  In  China,  in¬ 
ability  to  control  population  growth,  even  though  there  is  much  evi¬ 
dence  that  she  is  attempting  such  control,  ^ould  well  constitute  a 
severe  threat  not  only  to  her  neighbors  to  the  south,  but  also  to  her 
Communist  neighbors  to  the  north. 

This  split  within  the  Communist  Bloc  may  conceivably  contrib¬ 
ute  to  increased  tensions  between  the  “have”  and  "have-not”  na¬ 
tions  throughout  the  world.  Certainly  China,  in  attempting  to  form 
her  own  bloc,  is  finding  allies  primarily  among  the  poorest  nations. 
It  is  not  impossible  that  the  USSR  will  find  she  has  more  in  com¬ 
mon  with  the  "have"  than  with  the  "have-not"  nations,  especially 
if  she  is  successful  in  her  efforts  to  advance  consumption  levels.  This 
possibility  may  be  enhanced  and  accelerated  by  her  fear  of  China’s 
acquiring  atomic  weapons. 

Thus,  it  may  be  that  in  the  coming  decades  world  tensions  may 
revolve  around  a  "North  South"  rather  than  "East-West”  axis.  The 
chief  threat  to  peace  may  be  in  the  level  of  living  disparities  be¬ 
tween  have  and  have-not  nations  rather  m  diff“^enrrs  between 
capitalist  and  communist  ideologies  and  systems. 

Economic  development  has  as  its  objective  the  raising  of  the  level 
of  living  of  a  people.  The  population  of  a  nation,  however,  not  only 
reaps  the  gains  of  economic  development  through  increased  per  cap¬ 
ita  income,  but  as  the  human  resource,  also  plays  a  vital  role  in  its 
achievement.  In  the  contemporary  situation,  four  aspects  of  popula¬ 
tion  in  the  less  developed  areas  are  operating  to  retard  economic 
development.  These  are  the  relatively  high  rate  of  population 
growth,  unfavorable  age  structure,  unbalanced  population  distribu¬ 
tion,  and  inadequately  educated  and  trained  manpower.  All  of 
these  obstructions  to  economic  development  are  amenable  to  control. 
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E'coiiomu  development  (xdiiicv  ami  program:  must  take  into  ac¬ 
count  the  role  of  population  factors,  in  genera),  and  specifically  the 
four  aspects  of  population  svhich  have  Ix'cn  indicated  above.  To 
eliminate  the  adverse  effects  of  jxipnlafion  fat  tors  on  economic  de¬ 
velopment  it  is  necessary  to  dampen  rates  of  total  population  in¬ 
crease,  to  effect  a  more  favorable  age  sfructure,  to  achieve  x  more 
balanced  urban-rimd  population  distributor  and  to  raise  the  qual¬ 
ity  of  the  (copulation  by  attaining  hiRnrr  levels  of  education  and 
training  Each  of  these  goals  is  attainable,  and,  significantly  enough, 
all  may  be  achieved  hy  the  same  means— namely,  through  a  decrease 
in  the  birth  rate.  In  the  contemporary  world  situation,  given  the 
great  declines  in  mortality  achieved  and  in  prospect,  a  decrease  in 
the  birth  rate  would  simultaneously  reduce  rates  »t  population  in¬ 
crease,  favorably  alter  the  age  structure,  help  to  effect  better  balance 
between  urban  and  rural  population  distribution,  and  permit  more 
adequate  and  effective  investment  in  human  resources. 

The  two  major  world  ideologies,  namely  Roman  Catholicism  and 
Socialism-Communism,  which  have  been  slow  to  recognise  this  need 
and  which  have  resisted  efforts  to  control  fertility  have  perceptibly 
modified  their  stand  within  the  past  few  years. 

Although  Pope  Pius  XII  recognized  the  need  to  control  popula¬ 
tion  growth  in  1951,  it  was  not  until  after  the  general  effort  to  up¬ 
date  the  Roman  Catholic  Church’s  position  in  the  modern  world  by 
the  late  Pope  John  XXIII  and  the  incumbent  Pope  Paul  VI  that 
recognition  of  the  need  for  "responsible  parenthood"  seems  to  have 
gained  asc'  sney  over  the  pro  natalist  elements  within  the  Church. 

The  Co  iiiiunist  nations,  on  the  basis  of  their  interpretation  of 
Karl  Marx,  until  relatively  recently,  also  opposed  population  con¬ 
trol.  The  Communist  world  has  considered  birth  control,  or  "neo- 
Msh^tidinisn,"  as  an  instrument  by  means  of  which  "imperialist 
capitalist  powers"  attempt  "to  subdue  and  exploit"  the  "have-not” 
peoples.  But  Mainland  China,  in  1953,  after  her  Census  disclosed 
there  were  I0G  million  more  Chinese  (583  million)  than  had  been 
previously  estimated,  was  quick  to  attempt  to  slow  down  her  rate  of 
population  increase;  and  the  Soviet  Union  and  other  Communist 
nations  nave  reversed  the  position  they  took  at  the  World  Popula¬ 
tion  Conference  in  Rome  in  1 954.  The  Soviet  Union  is  no  Imtger 
opposed  to  fertility  control.  It,  however,  does  believe  that  it  will 
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»mc  about  automatically  a*  a  consequence  ol  industrialization  and 
urbanization  anti,  thcrefotc.  need  not  l>c  at  lively  piomotcd. 

Implications  roa  National  Defense 

Tile  materials  presented  aftove  indiiate  that  explosive-  population 
growth  may  l>c  a  (at tor  in  heating  up  the  told  war  and  in  deleimin- 
ing  whether  peace  or  war  will  be  the  lot  of  the  world  during  the  re¬ 
mainder  of  this  century.  But  imputation  munlx-is,  in  my  judgment, 
will  not  Ik  a  major  factoi  in  determining  the  outcome  of  a  major 
war.  To  be  sure  a  major  war  can  be  fought  only  by  nations  of  some 
appreciable  size.  Apait  fiom  this  consideration,  however,  manpower 
alone  will  not  determine  militaiy  strength.  Othct  ingredients  may 
prove  to  be  more  inqMirtant  titan  matijrowci  in  successful  defense 
or  offtnse.  Among  the  ingredients  will  be  such  factors  as  technology, 
including  military  technology;  and  jropulation  quality,  that  is  edu¬ 
cation  and  skill,  incentive  and  motivation,  amt  national  unity  and 
sohuarity.  It  is  not  |Kissible  to  discuss  these  factors  within  the  scope 
of  this  pa)>cr  but  they  must  not  be  ignored  in  considering  factors  in 
military  power. 

In  condurion,  then,  it  should  be  emphasized  that  wc;IJ  popula 
lion  trends  constitute  a  major  threat  to  prare  during  the  remainder 
of  this  century.  Any  effort  to  evaluate  the  demands  that  may  be 
placed  on  the  U.S.  military  forces  during  the  next  few  decades  must, 
therefore,  take  into  consideration  the  factois  outlined  above,  and 
they  should  also  include  analysis  of  domestic  population  trends  and 
prospect s-another  subject  beyond  the  scope  of  this  paper. 
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V.  The  Frontiers  of  Psychology 

ERNES]  K.  iilLGARD 


Many  rm.tini.nr.isis  work  in  thr  spirit  of  pent-  or  basil  science,  seek¬ 
ing  to  establish  lawful  rclatiomhips  among  phenomena  regardless 
of  wlicic  these  findings  may  take  us.  !i  is  iu»l  siinlly  true  that  the 
basil  scientist  is  disinti  tested  in  the  applications  ol  what  he  finds 
out,  and  I  wish  to  digress  just  a  little  on  my  conception  ul  the  lda- 
tiomhip  between  basie  and  applied  seience. 

Over  the  past  several  years  theie  fias  been  a  glowing  ny  lor  more 
investment  in  basic  research  iclativr  to  the  amotmts  sj>ent  on  tcch 
nologit ai  developments.  While  I  am,  of  course,  in  favor  of  pure 
science  and  basic  research,  tare  has  to  be  taken  that  this  emphasis 
may  not  be  distorted  in  the  other  direction.  1  sometimes  refer  to  the 
cult  of  pore  science,  which  places  such  a  high  value  on  pure  science 
that  sir  more  remote,  cSotciic,  and  sometimes  trivial  an  investiga¬ 
tion  becomes,  the  more  it  shows  that  those  who  support  it  have  the 
right  attitude  toward  science.  1  have  found  this  in  agencies  rtsjion 
■ible  for  distributing  categotical  money,  that  is,  money  intended  lor 
a  specific  purpose:  the  more  peripheral  thr  project  to  this  central 
intent,  the  more  favorable  its  reception,  because  then  the  grantors 
arc  showing  that  they  are  interested  in  basic  research.  This  may  fie 
something  of  a  caricature,  but  1  believe  the  warning  is  worth  sound 
ing.  If  we  place  all  the  prestige  on  the  side  of  basic  science  and  rele¬ 
gate  do  cl. ,  i.ict.tai  nd  applied  woik  to  the  lr»?  imaginative  and 
ic-M  competent,  wt  will  make  just  as  great  mistakes  as  if  we  starve 
pure  science.  There  is  a  division  of  labor  involved,  and  a  balanced 
attitude,  with  mutual  respect,  is  what  wc  need.  The  history  of  sci¬ 
ence  would  bear  me  out  in  this.  Very  often  practical  technology  ha* 
run  ahead  of  pure  science  and  contributed  instruments  that  in  turn 
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advanced  pure  science.  It  is  only  in  (hr  vny  last  stages  til  scientific 
development  that  basic  si  iciicc  calls  (lie  shots.  It  is  woilli  icminding 
ourselves  that  m  il  sonic  ul  (Ik-  malicious  dt-vclupnie  us  of  thr  space- 
age,  such  at  guiding  space  vrhidrs  to  thr  moon,  have  ilr|>cniirtt  far 
mure  on  technological  developments  tfian  on  the  fnmtin  develop- 
riii-ittii  in  basic  science  I  am  told  that  very  huh  lieynml  Newtonian 
physic*  is  involved.  By  conuast,  atoinu  wca|H>nv  do  dr|H-nd  oil  the 
basic  science  developments  of  modern  atoniu  physics.  In  any  rase, 
theie  it  a  toiutant  inteicliangc .  1  lie  teiliiiolugn.il  d(-velo|>im nti  in 
the  cuitlinuilieatiotl  illdmtiy,  to  une  tele|ilionri,  radius,  and  I  V 
ted,  have  eitniinously  expanded  the  niMi  imirntv  available-  lot  ham 
research  in  physiology  and  in  physiological  psyihology.  VVhai  we 
want  o  good  science,  ami  good  siieiue  can  lie  done  ai  ettltei  the 
basic  oi  the  applied  level. 

Ilicic  aie  some  ethical  issues  involved  in  applied  science  that  arc 
different  liom  those  of  pt:te  oi  basic  science.  1  his  follows  liecausr  ol 
the  fad  that  technology  is  ptacliial  and  (hi mils  control  over  things 
and  people.  In  psychology  tlx  sc  issues  often  be  ionic  cpnte  mi|M)i 
taut.  Mow  much  aie  test  scenes  invasions  ol  pnvaey?  Should  a  child's 
IQ  f>e  recorded  at  school  and  not  divulged  to  parents?  Should  the 
psychologist  help  the  adscitivei  to  sell  goods  that  the  Intyei  would 
be  l>eitei  oH  without?  How  iiituli  should  the  counselor  nii|H»sr  bis 
own  moral  standaids  ujion  bis  clients  o>  patients?  Should  the  psy¬ 
chologist  lend  his  knowledge'  to  supjioit  |h>|oic.»I  candidates? 

1  lic-ic*  was  a  debate  a  lew  yeai  s  ago  between  Cat  I  Rogeis  and  It.  K 
skinner  over  the  amount  ol  contiol  that  a  psychologist  should  pro¬ 
pose  cxeu'sing  ov-i  people.  Remi  ts  coo*.  me  position  that  we  had 
better  encourage  jw-ople  to  lead  their  own  lives  and  think  (or  them- 
selves;  Skiinici  contended  tli-i  we  inevitably  shajH-  them  anyhow,  so 
we  had  better  know  what  we  want  |K-uple  to  be  like  and  then  use  our 
technology  to  that  end  (Rogeis  and  Skinner,  IWti).  The  issues  arc 
felt  keenly  enough  that  a  group  of  psychologists  favor  what  they 
call  a  humanistic  psychology  and  publish  a  Journal  oj  Hunun.islir 
Psychology.  They  sometimes  tefor  to  theit  position  as  a  thiid  move¬ 
ment  in  psyihology,  the  first  being  liebavioiisiu,  the  second  psycho¬ 
analysis.  Fiom  their  vantage  jxiint  boll)  iH-havioristn  and  psycho¬ 
analysis  aie  too  detei tnitiistic  and  lonttulling,  and  they  wish  a  psy¬ 
chology  that  tecogni/cs  human  aspiiatioiis  and  latent  human  jMiten- 
tial.  While  the  conception  of  man  is  involved  in  any  general 
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pvyi  )mhi{Y.  these  rthital  ivvurs  aiive  iliielly  when  j»roplr  aic  bring 
iiifiticiKcd  thiuugh  psychological  (ethnologies,  counseling.  psyiho 
thciapy  anil  education,  jK-nuavivr  icchniipiri  of  vaiiotis  kinds.  Wr 
thall  mt  how  vine  ut  these  suitings  air  influent  ing  contemporary 
psychology,  rvr n  among  (hear  who  have  little  sympathy  with  this 
‘thud  movement"  group. 

PSYCHOLOGY  AS  A  BASIL  NGIrNLL 

In  order  not  to  spread  whiit  1  have  to  say  unduly  thin.  I  propose 
to  consider  three  large  topical  orientations  in  basic  jvsyihology,  and 
to  give  limitrd  s|»eumcn»  ol  current  woik  within  carh  ol  them.  The 
fir  si  of  these  I  shall  call  hi ologiral  psychology,  the  second  general 
experimental  psychology,  and  thr  third  social  psychology. 

BlOI  DOIl-Al  Psvr.HOLcKiV 

Man  is  undeniably  «  mammal,  and  as  such  shares  a  mammalian 
ancestry  with  othei  subhuman  species.  When  the  psychologist  thinks 
of  himself  as  essentially  a  biologist,  with  the  evolutionary  tneory 
strongly  inHurnti.il  as  background,  his  comparative  studies  of  sub 
human  animals  and  iiilants  arc  dune  in  thr  spun  of  other  biologists 
wuikmg  on  problems  of  genetics  or  com|»araiive  anatomy  or  embry 
ology,  e Kirpt  that  he  distinguishes  his  work  from  theirs  by  his  pn 
maty  emphasis  upon  behavior. 

The  modern  science  of  genetics  is,  of  course,  closely  related  to 
evolution,  in  that  gene  pools  and  their  drift  determine  evolutionary 
changes,  what  is  new  in  emphasis  is  that  many  ecological  (actors  in 
flurnce  these  shifts,  and  some  of  them  can  tie  understood  better 
through  the  histoiy  of  behavior  than  through  morphology.  Lor  ex 
ample,  there  are  some  varieties  of  moths  anil  grasshoppers  which 
have  been  classified  together  morphologically,  but  they  arc  now  as¬ 
signed  to  different  species  because  of  differences  in  their  behavior 
(Mayr,  1958).  In  this  case  behavior  substitutes  for  morphology  as  a 
descriptive  character. 

It  is  possible  to  conduct  selective  breeding  experiments  solely  on 
the  basis  of  behavior,  and  then  to  find  out  whether  or  not  the  be¬ 
havior  is  genetically  controlled.  Lor  example,  some  fruitHics  (droso¬ 
phila)  make  mote  approach  reactions  tu  light  than  others.  If  they 
•re  sorted  out  on  the  basis  of  approach  ..ml  non-approach  tendencies 
and  mated  accordingly,  then  offspiing  gradually  separate  into  nearly 
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non  ova lapping  group*  so  fsr  n  thr*e  photoliopn  tendencies  ate 
lomeinrd  (Hirwh  and  Homltrati,  ly'iH) 

Another  ai|K*ti  of  biologital  jnyi hulogy  it  individual  develop 
nicnl,  llir  |» i«r»t»t  ol  maiming  continuing  into  lain  lifr  mmr  of 
ihc  orderly  paxe**c*  found  in  »-nibryol"giral  d*  .c  iopmeio  The 
ipitiiiuio  of  drvel'pmrot  aic  timilai  (o  those  of  genctin.  In  gene 
tit*  we  ark.  "Wiul  behavim  i*  inherited  and  what  it  a-cpuicdr  ’  In 
development  w c  ask,  "What  behavior  it  to  Ik1  attributed  to  manna 
lion  ihaiacleiiitici  of  ihr  spcriei,  and  what  it  the  leiull  of  rally  rn 
viroiniKitial  influent  ci?" 

I  null  to  litr  briefly  a  *ciie*  oi  experiment*  allotting  how  careful 
wr  have  to  be  in  assigning  plausible  tcaaont  for  the  ifiingi  that  oc¬ 
cur  in  cxjK'iimeiiii,  behnr  the  tirirtiaiy  lonnols  have  Item  run.  lor 
a  numliei  of  yran  wr  have  Ixcil  tontmiod  that  the  rally  yrai*  air 
vrrv  iiii|Hir(ant  in  (hr  forming  ol  |K-rt<-iulity  I  hit  wr  rontinur  to 
believe,  nut  wr  thought  it  ri|M-ually  in-poiiant  that  the  rally  year* 
be  full  of  warmth  from  the  parrnti,  and  free  of  anxiety.  1  hit  it  ill 
tremi  like  a  good  idea.  What  it  disquieting  it  that  wr  thought  wr 
had  iup|x)tting  rvtdrmc  flout  (tie  animal  wotld.  lor  r  . ample,  haby 
rat*  that  were  handled  ami  tamed  early  in  life  were  able  to  face 
tirangrnrw  and  othrt  difficult  titiiatioiu  imwh  Itetirr  than  non 
handlctl  oi  negletted  one*  11  u r  it  lutut  out  now  that  il  young  iai» 
arr  taken  out  ol  their  cage*  and  given  electric  slunk)  every  day,  in- 
•lead  of  being  fondled,  they  do  juit  at  well  at  the  handled  one*  when 
they  become  adult.  I  hit  Spartan  ireattiieiii  it  Irettci  than  negleiiing 
them,  and  }>etlup*  lliit  it  the  lettoit  to  Ire  learned  Attotdmg  to  Le 
vine  who  did  thrte  iiudiei:  "In  all  rnpecti,  in  fact,  the  ntanip 

ulated  infanti  exhibit  a  more  rapid  fate  of  development.  They  open 
their  eye*  earlier  and  achieve  motor  coordination  ioom  r.  Their  Irody 
hair  grow*  fatter,  and  they  tend  to  be  significantly  heaviet  at  wean- 
ing.  They  continue  to  gain  weight  more  rapidly  than  the  nun  stimu¬ 
lated  animals  even  after  (he  touise  of  stimulation  has  been  com¬ 
pleted  at  three  weeks  of  age.  The  mechanisms  involved  arc  doubtless 
concerned  with  the  rndo  rines,  which  influence  response*  to  stress 
and  have  to  do  with  growth  procctsci." 

On  the  tuipieion  that  these  results  might  apply  to  matt  aim,  a 
Harvard  anlluojmiogist  (Whiting)  and  a  psychologist  now  at  Stan¬ 
ford  (Landaucr)  felt  that  il  would  be  interesting  to  find  out  what 
rough  handling  did  to  human  infants  (Landaucr  and  Whiting,  1964). 
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Of  course,  they  did  not  set  out  to  find  human  twin  pairs,  one  mem¬ 
ber  of  which  would  be  neglected  and  the  other  shocked,  but  they  did 
the  best  they  could  by  going  to  the  cross-cultural  files  and  finding  cul¬ 
tures  that  were  contrasted  in  the  ways  in  which  they  handled  infants. 
They  chose  male  children  only,  and  defined  as  stressful  reactions  in 
infancy  such  things  as  piercing  and  molding,  because  these  are  some¬ 
what  enduring  and  must  produce  some  discomfort  while  they  per¬ 
sist.  The  piercings  varied  somewhat  from  one  nonliterate  culture  to 
another,  but  included  piercing  the  nose,  lips,  or  ears  to  teceive  an 
ornament;  circumcision,  innoculation,  scarification,  or  cauterization. 
Molding  included  stretching  the  arms  or  legs,  or  shaping  the  head 
to  conform  to  an  appearance  thought  desirable  within  that  cul¬ 
ture.  On  the  assumption  that  the  infant  boys  started  out  even,  the 
hypothesis  was  that  if  the  rat  studies  were  true  the  mutilated  boys 
should  grow  more  rapidly  and  hence  should  be  taller  at  maturity. 
They  found  that  those  boys  mutilated  in  infancy  grew  to  be  some 
2.5  inches  taller  in  manhood  than  those  not  so  mutilated.  Let  us  not 
jump  to  conclusions  that  we  should  maul  our  children,  apparently 
in  our  society  we  already  do  enough  of  it  with  hospital  births,  instru¬ 
mental  deliveiies,  immunization  by  hypodermic  needle,  and  circum- 
sion;  in  any  case  our  children  are  growing  taller  each  generation. 

General  Experimental  Psychology 

I  am  using  this  somewhat  awkward  designation  to  refer  to  the 
kind  of  psychology  which  attempts  to  get  at  some  of  the  more  gen¬ 
eral  laws  of  behavior  in  the  same  sense  that  general  physiology  tries 
to  get  at  the  most  basic  functions  of  the  activity  of  cells  or  organ 
systems.  So  general  experimental  psychology  tries  to  get  at  the  basis 
of  perception,  of  learning,  of  memcv,  of  problem  solving,  somewhat 
independent  of  the  particulai  content  of  those  perceptions,  memo¬ 
ries  or  problems,  and  even  somewhat  independent  of  the  particular 
organism.  Such  a  general  science  is  likely  to  be  a  science  of  models, 
of  simulation,  of  hypothetical-deductive  theories,  although  there  is 
a  great  room  for  differences  in  approach.  One  extreme  position, 
which  has  many  adherents,  gives  itself  the  somewhat  arrogant  name 
of  "the  experimental  analysis  of  behavior."  It  is  associated  with  B. 
F.  Skinner,  a  Harvard  psychologist.  The  main  point  for  Skinner  and 
his  followers  is  that,  if  appropriately  studied,  behavior  will  reveal 
its  own  lawfulness,  without  hypothetical  models  on  the  one  hand,  or 
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explanations  in  termi  of  physiology  on  the  other.  Many  psychologists 
prefer  a  reductive  model,  in  which  the  ultimate  explanation  of  psy¬ 
chological  events  resides  in  the  nervous  system. 

The  field  of  genet  al  experimental  psychology  is  much  too  large  to 
treat  as  a  whole,  so  let  me  plunge  in  at  one  point  and  talk  about  the 
use  of  computers  in  simulating  psychological  events.  This  will  illus¬ 
trate  my  point  that  the  model  that  is  used  need  not  be  substantive 
in  any  ordinary  sense,  for  a  computer,  while  it  is  composed  of  a  lot 
of  hardware,  is  essentially  some  sort  of  logical  machine,  and  it  is  the 
program  for  the  computer  that  is  important,  not  how  the  computer 
is  constructed. 

The  computer  is  a  scientific  ally  in  almost  all  we  do.  We  have  to 
distinguish,  however,  between  its  use  as  simply  a  more  efficient  desk 
calculator  and  its  use  for  other  purposes.  As  a  calculator,  the  com¬ 
puter  uses  an  algorithm,  and  by  following  specific  instructions  comes 
out  with  the  answer.  An  algorithm  is  simply  a  fixed  procedure  of  the 
kind  we  learned  when  we  were  taught  long  division  or  how  to  ex¬ 
tract  the  square  root  of  a  number.  Much  more  interesting  ate  heu¬ 
ristic  computers,  in  which  the  computer  simulates  the  human 
problem  solver  in  trying  to  find  a  shortcut,  trying  to  find  some  ap¬ 
proximation  to  the  right  answer,  or  in  other  ways  avoiding  the  te¬ 
dium  of  trying  everything  that  is  possible.  The  heuristic  process 
does  not  guarantee  the  answer  as  the  algorithmic  one  does,  but  it 
saves  a  great  deal  of  time  when  it  works. 

When  the  computer  is  made  to  simulate  human  thinking  by  build¬ 
ing  into  it  some  of  the  things  people  are  known  to  do,  we  can,  in 
fact,  learn  more  about  human  thinking  by  seeing  how  well  our 
model  works.  There  are  computer  programs  that  can  solve  problems 
picked  directly  from  the  calculus  examinations  at  M.I.T.,  and  can 
make  derivations  of  the  kind  found  in  Whitehead  and  Russell's 
Principia  Mathematica  (1925).  An  extension  of  computer  simulation 
beyond  solving  of  the  logical  or  game  type  of  problem  has  been 
made  to  the  field  of  personality.  For  example,  one  of  my  colleagues, 
Dr.  Kenneth  M.  Colby,  is  testing  the  psychoanalytic  theory  of  dreams 
by  means  of  a  computer  program.  This  is  not  as  bizarre  as  it  sounds, 
and  the  studies  of  various  psychological  problems  by  means  of  com¬ 
puter  simulation  are  bound  to  be  among  the  exciting  developments 
of  the  next  few  years. 

The  mathematical  type  of  model,  which  need  not  be  computer- 
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based  has  already  achieved  such  stature  that  we  have  a  multi-volume 
Handbook  of  Mathematical  Psychology,  (Bush,  Galanter  &  Luce, 
1964)  and  a  number  of  shorter  texu.  A  forthcoming  one,  by  Atkin¬ 
son,  Bower,  and  Crothers  (1965)  can  be  recommended  as  a  useful 
introduction. 

Social  Psychology 

In  order  to  select  a  limited  topic  within  this  large  domain,  I  with 
to  say  something  about  models  of  attitude  change,  for  social  atti¬ 
tudes  and  their  modifications  have  long  been  part  of  social  psychol¬ 
ogy  and  are  likely  to  remain  so.  Attitudes  are  closely  related  to  our 
choice  of  friends,  to  our  political  actions  and  to  other  interpersonal 
problems.  A  useful  review  of  ^jveral  models  of  attitude  change  has 
been  given  by  Brown  (1962).  He  points  out  that  through  these  mod¬ 
els  some  of  the  facts  of  social  psychology  have  fallen  into  compelling 
patterns  that  justify  their  status  as  basic  science.  The  theories  which 
he  considers  are  all  varieties  of  imbalance  theory,  which  states,  in 
essence,  that  as  human  beings  we  abhor  incongruities,  dissonances, 
and  imbalances,  and  make  any  number  of  maneuvers  in  order  to  re¬ 
store  balance  or  unity.  Hence  attitudes  change  when  by  changing 
them  balance  can  be  restored.  The  general  idea  behind  such  a  the¬ 
ory,  as  behind  most  good  psychological  theory,  has  a  great  deal  of 
justification  in  common  experience;  what  makes  the  theory  scien¬ 
tific  is  its  precision,  so  that  a  choice  can  be  made  between  equally 
plausible  alternatives. 

Pressures  to  change  attitudes  can  be  provided  in  various  ways,  by 
arguments,  by  incentives,  and  so  on.  I  wish  to  discuss  one  experi¬ 
ment  in  which  hypnosis  was  used  (Rosenberg,  I960).  The  attitudes 
of  subjects  toward  several  controversial  topics  were  first  determined, 
«»ch  as  labor's  right  to  strike,  more  conciliatory  attitudes  of  the 
U.S.  toward  the  U.S.S.R.,  and  comprehensive  Federal  medical  insur¬ 
ance.  Then  efforts  were  made  to  change  cognitive  attitudes  through 
a  change  in  affect,  half  to  become  more  favorable  than  they  began, 
half  to  become  more  negative  to  the  proposition  involved  within 
each  issue.  The  change  was  attempted  under  hypnosis  for  half  the 
subjects,  in  the  waking  condition  for  the  other  half.  The  results 
were  strikingly  in  favor  of  modification  under  the  hypnotic  condi¬ 
tion.  In  a  later  experiment  (in  this  case  the  issue  was  the  foreign  aid 
program  of  the  United  States)  the  changed  attitude  pei^isted  over 
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a  week  through  posthypnotic  suggestion,  with  amnesia  for  the  fact 
that  the  change  had  been  made  within  hypnosis.  The  change  not 
only  endured  for  this  time,  but  showed  some  persistance  for  at  least 
10  days  after  removal  of  the  amnesia.  Th.-se  persistent  changes  were 
apparently  due  to  a  kind  of  “self-convincing”  that  went  on  in  argu¬ 
ing  for  the  new  attitude  while  under  the  influence  of  the  posthyp¬ 
notic  suggestion.  We  see  here  an  experiment  concerned  with  atti¬ 
tude-change  as  a  basic-science  problem,  but  obviously  there  are 
practical  suggestions  that  emerge,  even  perhaps  a  bit  frightening 

I  hope  that  1  have  thus  far  given  some  of  the  flavor  of  psychology 
as  a  biological  science,  as  a  somewhat  independent  science  building 
its  own  models,  making  use  of  mathematics  and  computer  simula¬ 
tion,  and  as  a  social  science,  dealing  with  problems  of  human  atti¬ 
tudes  and  interactions. 

PSYCHOLOGY  AS  AN  APPLIED  SCIENCE 

To  turn  now  to  psychology  as  a  technology,  as  something  useful, 
I  shall  use  as  my  samples  personality  tests,  programed  learning,  psy¬ 
chotherapy,  and  persuasive  techniques. 

Personality  Tests 

Questions  have  been  raised  about  the  ethics  of  testing  (e  g.,  Gross, 
1962),  usually  implying  that  the  tests  are  inefficient  as  well  as  im¬ 
moral;  they  might  be  thought  of  as  more  immoral  if  they  were  more 
efficient,  for  then  the  test-score  label  might  be  attached  to  an  in¬ 
dividual  as  firmly  as  his  finger-prints  and  raise  the  same  problems  of 
preserving  his  right  to  privacy. 

In  some  respects  the  most  interesting  problems  lie  in  the  field  of 
personality  measurement.  We  know  that  more  men  lose  their  jobs 
because  of  poor  human  relations  than  because  of  lack  of  skill,  so 
that  personality  appraisal  is,  in  fact,  very  important  for  job  place¬ 
ment.  A  personality  test  differs  from  an  intelligence  test  in  two  im¬ 
portant  respects: 

I.  First,  it  is  designed  to  test  one's  characteristic  mode  of  respond¬ 
ing,  not  necessarily  what  one  does  when  on  good  behavior.  Intelli¬ 
gence  tests,  on  the  other  hand,  seek  to  know  the  best  one  can  do 
when  he  is  paying  attention  and  trying  hard.  Thus  a  person  may 
know  that  it  is  wise  to  be  courteous  to  people  and  to  show  respect 
to  superiors,  but  this  does  not  mean  that  this  will  be  his  character- 
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istic  behavior.  On  a  personality  teat  a  peraon  may  be  aaked:  "Do  you 
sometimes  feel  just  miserable?"  To  answer  this  question  he  has  to 
decide  whether  or  not  this  is  characteristic  of  him  and  not  answer 
on  the  basis  of  one  experience  in  which  he  felt  miserable  when  he 
nearly  drowned  »  >  child. 

2.  Second,  thet  .re  no  objective  standards  by  which  to  judge  the 
goodness  or  badness  of  any  single  answer.  On  an  intelligence  test  a 
good  answer  always  corresponds  with  truth  and  fact,  and  the  main 
problem  of  the  test  constructor  is  to  order  the  questions  for  diffi¬ 
culty.  Then  a  bright  persons  answers  more  questions  correctly  than 
a  dull  one.  But  with  personality  it  is  not  so  simple.  "Do  you  blush 
easily?”  "Do  you  get  angry  at  people  who  disagree  with  you?”  Ques¬ 
tions  of  this  sort,  which  may  in  fact  distinguish  one  gToup  of  people 
from  another,  do  not  have  the  direct  validation  that  intellectual 
items  do.  Depending  on  degree,  some  blushing  may  be  attractive, 
and  some  anger  may  be  a  fitting  protest.  Too  much  blushing  may  be 
embarrassing,  and  too  much  anger  may  make  one  ineffective.  It  is 
only  that  the  problem  of  the  test  constructor  is  a  difficult  one. 

For  these  two  reasons,  then,  personality  tests  have  not  had  the 
smooth  sailing  of  intelligence  tests.  Because  of  the  uncertainty  with 
respect  to  when  to  reply  to  questions  worded  as  "often,"  or  "some¬ 
times,"  considerable  recent  discussion  has  centered  upon  stylistic  as¬ 
pects  of  response  to  personality  inventories.  That  is,  the  answers  may 
reflect  not  so  much  the  actual  content  of  the  questions  as  the  ways 
in  which  they  are  asked.  The  two  dimensions  that  emerge  most  fre¬ 
quently  are  social  desirability  and  acquiescence  (Holtzman,  1965). 
Social  desirability  refers  to  the  tendency  to  answer  the  question  in 
the  way  that  is  recognized  as  socially  desirable  or  healthy.  Thus  a 
subject  usually  knows  it  would  be  socially  undesirable  to  feel  nause¬ 
ated  or  to  be  unable  to  sleep  at  night  or  to  walk  across  the  street  to 
avoid  meeting  somebody.  Hence  he  has  strong  leanings  in  the  direc¬ 
tion  of  giving  the  conforming  response,  unless  he  is  indeed  sick 
enough  to  be  asking  for  help.  One  reason  these  tests  work  to  some 
extent  in  a  clinical  population  is  that  these  helpseeking  people  do 
indeed  reveal  themselves  on  the  test.  In  addition  to  the  tendency  to 
social  conformity  is  a  tendency  to  say  "yes”  more  readily  than  to  say 
“no."  This  is  called  an  acquiescence  tendency;  suggestible  people 
are  likely  to  be  yea-sayers  or  yes-men,  and  thus  to  corrupt  their 
scores. 
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Variouj  difficulties  with  personality  tests  have  led  to  the  notion 
that  perhaps  a  simple  adding-up  of  responses,  a  method  that  worked 
for  intelligence,  will  not  work  for  personality  tests.  We  have  shown 
in  our  own  research  on  hynosis,  for  example,  that  there  are  alterna¬ 
tive  paths  into  hypnosis,  and  a  number  of  moderate  scores  on  the 
several  paths  are  not  the  equal,  for  purposes  of  predicting  hypnotiz- 
ability,  of  a  high  score  on  a  single  relevant  one  (Hilgard,  1965). 

Programed  Instruction 

Although  the  educational  psychology  of  learning  lagged  some¬ 
what  in  the  last  decades,  this  situation  has  been  corrected  in  part  by 
the  development  of  teaching  machines  and  programed  instruction. 
Between  1954,  when  B.  F.  Skinner  first  announced  programed  learn¬ 
ing,  and  1958  some  25  research  reports  appeared;  between  the  years 
1960  and  1964,  the  trickle  of  reports  became  a  small  flood,  with 
some  165  research  reports  ap|>eaiing  (.Schramm,  1964).  This  has  cor,, 
tinued,  and  programed  learning  in  its  various  forms  is  now  t!ie 
basis  for  a  large  industry  as  well  as  for  a  large  research  enterprise. 

Without  going  into  technical  details,  programed  learning  has 
some  of  the  following  advantages  that  appeal  to  investigators  inter¬ 
ested  in  the  psychology  of  learning: 

1.  It  recognizes  individual  differences  by  beginning  where  the 
learner  is,  and  permitting  him  to  move  at  his  own  rale. 

2.  It  requires  the  learnet  to  be  active. 

3.  It  provides  immediate  feedback  in  the  form  of  knowledge  of 
results ,  thus  favoring  learning  the  right  thing  and  avoiding  the  re¬ 
tention  of  errors. 

4.  It  emphasizes  the  organized  nature  of  knowledge  because  it  re¬ 
quires  continuity  between  the  easier  (earlier)  concepts  and  the  harder 
(later)  ones. 

5.  It  provides  spaced  review  in  order  to  guarantee  retention  of 
what  has  been  learned. 

6.  It  reduces  anxiety  and  frustration,  because  the  learner  can  al¬ 
ways  be  successful  at  some  level,  and  he  knows  that  he  is  learning. 

These  plausible  advantages  favor  the  general  strategy  of  pro¬ 
gramed  learning,  but  they  do  not  dictate  the  details,  and  research  is 
needed  to  determine  what  features  make  for  the  most  effective  pi  en¬ 
grains.  The  initial  advantage  that  was  thought  to  rest  in  the  ma- 
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chine  because  of  its  precise  timing  of  feedback  turned  out  not  to  be 
•upported  by  experimental  data,  the  programed  book  doing  as  well 
aa  the  machine  in  tryout.  Many  other  reaearch  problems  have  been 
faced,  such  as  sire  of  step,  form  of  reply,  and  so  on,  with  a  good  deal 
of  useful  information  accumulating. 

Rather  than  go  further  into  all  of  this,  we  may  well  ask:  "What 
of  the  future?  Where  is  this  taking  us?” 

The  hope  that  simple  programs  would  produce  dramatic  changes 
in  the  efficiency  of  teaching  is  hardly  borne  out,  so  that  the  program 
is  little  likely  to  supplant  the  tearher.  Instead  the  program  it  likely 
to  take  its  place  alongside  other  educational  aids  that  have  appeared 
from  time  to  time:  blackboards,  notebooks,  laboratories,  libraries, 
textbooks,  field-trips,  discussion  groups,  and  audiovisual  aids  of 
other  kinds. 

The  one  area  where  a  revolution  may  indeed  occur,  and  program¬ 
ing  is  involved  in  this,  is  computer-based  instruction.  A  number  of 
significant  experiments  are  now  going  on  or  getting  under  way  in 
which  a  whole  classroom  is  tied  to  a  single  computer,  but  each  pupil 
works  at  his  own  speed,  gets  the  information  that  he  needs,  knows 
when  he  is  right  and  when  he  is  wrong,  and  is  helped  to  review  as 
necessary,  all  through  the  flexibility  of  the  computer.  At  the  same 
time  a  complete  record  of  his  responses,  right  and  wrong,  is  stored  in 
the  computer,  which  concurrently  may  be  accumulating  statistics  on 
the  whole  class  so  that  at  any  time  a  "readout"  will  tell  the  super¬ 
vising  instructor  exactly  what  progress  is  being  made  and  which  stu¬ 
dents  are  in  trouble.  Not  even  a  group  of  individual  tutors  could 
give  such  close  supervision  to  the  learning  process.  While  the  costs 
at  present  are  quite  high,  this  is  due  chiefly  to  the  developmental 
cost*  in  getting  the  programs  together  and  the  machinery  in  opera¬ 
tion;  even  at  the  present  cost  of  computers,  once  every 'hing  is  run¬ 
ning,  the  cost  per  pupil  hour  is  not  much  different  from  present  in¬ 
structional  costs. 

Psychotherapy 

As  everybody  knows,  the  great  name  in  this  area  has  been  that  of 
Sigmund  Freud,  the  founder  of  psychoanalysis,  a  man  of  undoubted 
genius  and  one  of  the  gTeat  names  of  the  last  100  years,  to  be 
thought  of  in  the  company  of  Darwin,  Einstein,  and  Pavlov.  We  are 
witnessing  in  the  I960’s  a  curious  fading  of  Freud’s  reputation,  a  re- 
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pudiation  of  hit  theories,  and  attacks  upon  the  psychotherapeutic 
methods  that  he  proposed.  The  spirit  of  the  times,  the  Zeitgeist,  has 
for  some  reason  become  less  favorable  to  hit  views.  This  is  scarcely 
a  matter  of  evidence  one  way  or  the  other,  for  the  same  kind  of  evi¬ 
dence  has  been  lying  around  all  along,  with  the  tame  division  of 
opinion  over  it.  We  are  perhaps  too  close  to  what  it  happening  to 
feel  very  secure  in  interpreting  it,  but  1  shall  do  the  best  I  can.  It 
will  be  recalled  that  Freud’s  theory  it  essentially  a  psychogenic  the¬ 
ory  of  neurosis,  that  is,  a  theory  that  neurosis  has  psychological 
causes  through  conflicts  generated  in  the  lifetime  of  the  individual. 
The  cure  is  also  psychological,  by  way  of  free  associations  and  the 
interpretations  provided  by  the  psychoanalyst.  The  psychogenic  kind 
of  interpretation  meets  opposition  at  this  time  fiom  the  advance  in 
biochemistry  and  genetics.  The  tranquilizers  seemed  (at  least  for  a 
time)  more  potent  than  counseling  as  a  way  to  help  the  troubled,  al¬ 
though  we  now  know  that  the  placebo-effect  had  a  goo d  deal  to  do 
with  it,  so  we  cannot  escape  some  psychological  aspects  of  therapy. 
The  advances  of  genetics  and  the  concept  of  molecular  disease  now 
offer  many  possibilities  for  the  organic  basis  for  illness.  Once  this 
enthusiasm  rises,  all  psychogenic  theories  become  iusi>ect,  and  the 
Freudian  theory  suffers  along  with  others.  This,  then,  is  one  root 
for  the  decline  of  Freud's  prestige. 

Another  root  of  the  attack  upon  Freud,  quite  different  from  this, 
is  the  rise  of  alternative  psychotherapies.  These  do  not  question  the 
psychogcncsis  of  conflict,  anxiety,  and  other  symptoms  of  neurosis. 
Most  commonly  they  attribute  the  symptoms  to  learning  and  cure 
them  through  learning.  These  behavior  therapies,  as  they  are  called, 
have  many  varieties,  but  the  two  that  at  present  are  moat  in  vogue 
are  a  ilejeiiiitiiaiion  theory  called  by  its  originator  psychotherapy  by 
reciprocal  inhibition  (Wolpe,  1958),  and  a  verbal  conditioning  ther¬ 
apy,  in  which  through  the  reinforcement  of  some  kinds  of  state- 
menu  by  the  subject  and  extinction  of  others  his  attitudes  toward 
himself  and  the  world  become  changed  and  he  functions  more  ade¬ 
quately  (Krasner,  1965).  According  to  London  (1964)  the  contrast  is 
between  insight  therapy  of  the  Freudian  variety  and  action  therapy 
of  the  newer  types.  His  own  preference  is  for  an  integration  of  what 
has  been  learned  from  both. 

This  head-on  conflict  between  the  biochemical  and  the  psycho¬ 
genic  theories  of  the  origin  of  problems,  and  of  the  chemical  vs.  in- 
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light  vi.  anion  treatment  of  the  {>rol>lnn!  themselves  is  likely  to  stir 
tip  energetic  new  efforts  to  arrive  at  a  consensus  that  ean  dictate  ap¬ 
propriate  piat  ticc. 

There  are  many  justification!  for  an  eclectic  [soiition,  despite  the 
confidence  of  sonic  who  hold  dogmatically  to  one  or  another  ex 
tronc  view,  assembling  data  to  show  that  they  are  reasonable  men. 
As  one  illustration,  consider  the  postpartum  psychosis  which  unfor¬ 
tunately  is  not  too  uncommon  among  young  mothers.  'There  are 
such  pronounced  hormonal  changes  associated  with  pregnancy  and 
childbirth  that  it  is  not  surprising  to  find  the  system  put  under 
strain,  and  this  makes  plausible  a  biochemical  or  lieu monal  theory 
of  the  |Histpar(um  reaction  in  susceptible  women.  Yet  careful  studies 
show  similar  reactions  when  a  new  baby  comes  into  the  home  on  the 
pai  t  of  (wo  kinds  of  jseoplc  to  whom  the  hormone  theory  docs  nut 
apply:  to  the  father,  who  may  protect  himself  somewhat  from  his 
symptoms  by  running  away  from  home  when  the  child  is  born  or  by 
taking  to  alcohol,  and  by  thr  mother  who  has  a  similai  psychotic  re 
action  when  she  finds  herself  confronted  with  a  new  baby  that  she 
has  adopted.  Who  is  to  say  what  is  chemical  and  what  is  psycho 
genic? 

Pr.aseAsivr.  Techniqurs 

My  final  $|>ec  illicit  of  applied  jisychology  comes  fiom  the  fields  of 
motivation  and  social  psychology.  1  speak  of  the  psychology  of  per 
suasion.  There  arc  many  ways  tit  which  we  attempt  to  manipulate 
other  |>eoplc,  in  |xrsuading  than  to  vote  fur  our  candidates,  or  fur 
a  bond  issue  for  the  schools,  in  fKisuadiug  them  to  buy  <#ur  pro¬ 
ducts.  In  psychological  warfare  we  may  wish  to  persuade  them  to 
acts  of  sabotage  against  their  own  iieoplr..  to  defect  from  the  rank:, 
to  weaken  (he  will  to  fight.  Obviously  we  are  in  an  im|xmant  area 
of  applied  social  psychology.  As  an  illustration  I  wish  to  cite  a  fairly 
benign  use  of  persuasion,  that  appears  to  have  turned  out  success 
fully. 

In  our  modern  world,  a  high  degree  of  industrialization  appears 
imperative  to  rupport  a  high  standard  of  living,  and  such  industri¬ 
alization  ap|*-ars  to  depe  nd  u|>un  arousing  in  people  what  has  been 
called  the  need  im  achievement,  a  motive  very  im|xman(  in  any 
society  based  upon  euteipiisc.  Careful  analysis  by  McClelland  has 
shown  the  relationship  between  this  motive  and  the  rise  of  capital- 
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itin  in  Turo|>ran  countries  (McClelland,  1%1).  As  wc  now  become 
interested  in  helping  developing  nations  to  indust.  ;ali/r,  we  need  to 
do  more  than  to  tend  money  and  technician*  to  build  dams  and  to 
provide  machinery.  We  have  also  to  develop  motives  appropriate  to 
this  kind  of  society. 

McClelland,  adopting  the  position  that  1  have  indicated,  won 
dt’H'd  if  he  could  help  people  in  India  to  help  themselves  bv  en¬ 
couraging  the  development  of  a  need  for  achievement  on  the  part 
of  small  businessmen  in  that  counliy.  Hr  has  recently  re|»oried  the 
results  of  his  efforts.  (McClelland,  IW5).  What  McClelland  did  was 
to  hyjMiihcsi/e  drat  motives  could  Ik-  changed  in  adult  life,  and  then 
he  took  principles  from  animal  learning,  human  learning,  human 
psyt  hnihriapy.  and  studies  id  attitude  change  to  design  short  coins- 
cs  (lasting  15  weeks)  to  ]>e  given  to  gtmrps  of  husinessmeu,  designed 
to  i  DC  real,  their  achievement  motives.  These  have  now  Ireeii  given 
for  several  years  t<>  managers  or  leathers  of  management  in  the 
United  States,  Mexico,  and  India  In  India,  for  example,  of  82  busi¬ 
nessmen  who  were  studied,  some  20  had  deinonsti.ited  high  ai  hit  ce¬ 
ment  ino'ivatioii  by  unusual  niticpteiieui  tal  ac  tivity  dm  ing  the  two 
years  prior  to  the  short  course.  Within  the  two  years  alter  the  course, 
howevet,  51  of  the  82  engaged  in  such  activity,  a  signilu  ant  me  leave. 

These  practii.il  icstdts  arc  of  tlu  kind  tltat  various  "inspiration¬ 
al"  coutsei  have  claimed  in  the  past.  The  difference  is  that  m  Me 
Clcllaud's  work  the  hy|H)tluscs  are  carefully  sjK'Ued  out  arid  care  ful 
appraisal  measures  are  used.  Therefore  his  work  can  contribute  to 
basic  psychology  in  the  way  in  which  the  previous  unscientific.  work 
cannot,  valuable  as  sortie  of  it  may  have  born  in  itself. 

SUMMARY  AND  IT.RSPK.CTIVL 

I  hope  that  I  may  have  succeeded  in  giving  some  samples  of  psy¬ 
chologists  at  work  in  the  spit  it  of  both  basic  and  applied  science,  in¬ 
dicating  the  vitality  of  the  field  and  its  current  bicadth.  At  the  same 
lime  I  have  tried  to  show  that  there  really  is  not  so  very  much  differ¬ 
ence  between  basic  and  applied  research  when  both  ate  good  science, 
and  that,  in  fact,  they  mutually  interact.  Without  hash  research,  the 
applications  would  often  be  bumbling  and  uncritical:  without  the 
technologic  a]  tryouts  important  areas  of  investigation  might  have 
their  basic  problems  overlooked,  and  a  neat  nanowncss  persist 
where  a  somewhat  less  neat  breadth  is  more  appropriate  to  the  prob¬ 
lems  to  be  solved. 
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VI.  Living  Models  For  Lively 
Artifacts 

Waimun  S,  McCuu.oc.rt 

I  am  to  talking  lu  audiences  mat!;*  up  of  biologists  and  rngi- 
nms,  Inti  I  am  told  dial  many  o!  you  ate  physiust  thcimsts  and 
geologists.  So,  tit  ugh  1  will  say  nothing  new.  I  im.>;  ,ay  it  dilteicnily 
anil  1  think  1  had  Ireltei  do  it  in  two  parts  —  tlu*  Inst  huih*gy,  and 
(lie  set  <>nd  enginceiihg  UV  Kill  In  %t  torsidei  how  teal  hiains  work 
and  dun  hosv  they  have  implied  us  to  make  devices  to  do  similar 
tilings.  I  Ins  is  the  natuia!  uidri  anti  lotghly  ,  oiirspuids  to  the 
llistoi  teal  in  del 

Hicdogy  as  a  stieme  really  began  with  the  ainieni  (deck  city- 
state*  and  spiang  laigely  horn  using  i  ’-as  of  how  they  ran  them 
wives  In  aitotni!  loi  living  things,  iluinscives  iinlndcu. 

I’eilups  the  most  ini|M>iiant  id  these  is  i.te  notion  of  the  (round 
lanse  In  physits  we  l.nk  it,  and  sup|H»c  all  the  tondiliom  tluvt 
iletei  mine  an  event  to  lie  its  i  atise  1  lie  notion  ol  a  In  mud  i  a  live,  or 
tutnial  tanse,  is  sci)  useful.  II  1  look  hn  youi  patents,  1  need  only 
to  see  k  among  human  Ix-mgs,  not  among  the  Imtls  ami  buttrrHiri. 
It  I  want  to  knots  how  tome  you  ate  lieie,  1  need  not  know  whether 
you  tame  by  t  a»  oi  bus  Ami  it  some  tame  late.  I’m  sine  the  tame 
was  atiid  mal,  not  a  hound  tanse,  tneiely  a  tasual  one. 

I  lie  lust  w  as  an  example  ol  Biologital  Law.  that  like  bcgeti  like: 
notice,  not  i|tnte  the  same. 

1  lie  setond  In  mgs  in  the  notion  ol  puijKiso.  lu  physits,  things 
hap|x  n  or  else  they  don't  hap|x  n.  Hut  in  biulogv  and  m  engineer 
ing,  things  must  woik  oi  they  tease  so  exist,  and  signals  must  be 
true  oi  vte  tease  to  attend  to  them.  In  shot  l,  sou  ate  nov:  tonsidrring 

It  .t/IS/  .V  X  ,Sli<  (  'l  l OCH,  fihytiit an  ami  pit- hinliiil,  u  /ira<l  of  ihf 
nru\nf>t\\ xtotofCS  j(i<>ij/>  df  the  /{nrtirc/i  /  abouitniy  of  /./  <iu>n to,  Aftii 
mchtoffn  JnMltittr  nf  7>f  tiHohtfx  />»»  Mr(  uUoi  h.  Mirrin,  nn ti 

(•  ry  wnr  lfifumuhtr  f  «r  f/i  t  fun  rniin%  of  mrni'f  »/  {ybnrifhtt 
t>r.  McCutloih  it  tin  ,s>  U$H  auitiut  in  lufounar  n  bnenc/i 
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a  world  in  which  there  are  values,  utilities,  purposes  and  propor¬ 
tions.  Organisms  are  composed  of  organs  as  machines  arc  made  of 
components.  These  parts  must  serve  the  whole,  each  in  its  own  way. 
This  is  their  function.  This  is  like  the  members  of  a  city.  The  ship¬ 
wrights  must  build  the  boats  for  the  fishermen,  and  the  fishermen 
must  catch  fish  or  the  city  starves.  This  leads  to  the  next  great  law, 
called  the  equality  of  unequals.  Since  each  is  necessary  to  the  state, 
they  must  be  equal  under  the  law;  and  this  notion  of  a  law— that 
there  are  to  be  no  exceptions— is  the  origin  of  the  notion  of  a  law  in 
physics  as  well  as  in  every  science. 

If  every  citizen  did  exactly  the  same  thing,  the  city  would  perish. 
This  specialization  of  function  is  most  obvious  in  matters  of  sex,  for 
if  we  were  all  male  or  all  female,  we  would  beget  no  children. 

The  Greeks  supposed  that  the  man  injected  the  woman  with  a 
mateiial  that  informed  her  with  what  she  was  to  grow.  They  called 
it  a  perfect  mixture,  and  thought  of  it  much  as  an  engineer  thinks 
of  a  correct  program.  It  is  the  natural  cause  of  the  computation. 
But  the  program,  being  on  a  physical  tape  that  may  be  accidentally 
wrongly  punched  or  torn,  may  produce  a  wrong  answer,  or,  in  gen¬ 
eration,  a  misshapen  offspring. 

Empedocles  says  the  world  is  created  by  love  and  strife.  Love 
brings  together  the  unlike,  male  and  female,  shipwright  and  fisher¬ 
man.  whereas,  when  the  carpenters  line  up  on  one  side  and  the 
fishermen  on  the  other,  there  is  faction  in  the  state-internal  war. 

The  Greeks  thought  of  knowledge  as  a  coming  together  of  the 
knower  and  the  unlike  known  as,  in  the  biblical  sense,  a  man  is  said 
to  know  a  woman.  The  fulls  of  the  one  fill  the  e>  ipties  of  the  other, 
as  when  a  hand  grasps  an  object;  hence  our  woid  to  apprehend  or 
comprehend,  or  the  simple  English,  I  grasp  your  meaning.  And  the 
Greeks  believed  that  in  the  act  oi  grasping  some  of  the  atoms  of 
the  known,  its  earth,  air,  fire  and  water  in  their  proper  proportions, 
passed  to  the  knower,  where  they  entered  his  blood,  becoming 
mixed  in  veins  and  finally  in  his  heart.  I  have  had  m2ny  patients 
who  believed  they  thought  with  their  blood,  but  I  believe  the  lajt 
time  1  heard  a  physician  think  that  way  was  some  40  years  ago,  when 
the  neurosurgeon,  Dandy,  said  he  knew  to  his  cost  that  consciousness 
was  in  the  left  anterior  cerebral  artery.  The  net  of  our  veins  re 
sembles  the  mouth  of  the  Danube,  where  many  streams  come  to- 
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gether  in  a  flood  plane  and  mix  their  waters  in  many  intersecting 
channels,  so  that  water  in  any  one  mouth  has  water  from  every 
liver.  The  Greek  for  this  is  "anastomosis."  Except  for  hormones  and 
antibodies,  we  have  transferred  our  theories  of  knowing  from  blood 
to  brain,  where  we  have  the  proper  anastomotic  net.  It  is  neither  a 
series  nor  a  parallel  circuit— no  more  so  than  a  Wheatstone  Bridge 
that  cannot  be  so  analyzed. 

It  was  Alcmaeon  of  Croton  who  seems  to  have  been  the  first  to 
attribute  perception  to  the  brain;  that  was  about  450  B.C.  Based  on 
his  surgical  experience,  he  thought  the  eyes  made  the  opposites, 
light-dark,  etc.,  and  shipped  them  to  the  brain,  where  they  mixed 
harmoniously  to  produce  knowledge  in  the  healthy  man.  Hundreds 
of  years  later,  in  Alexandria,  the  anatomists  made  a  clear  picture 
of  the  brain  and  nerves,  but  that  information  was  lost  until  the 
Renaissance  in  Italy.  Only  in  the  last  75  years  have  we  come  to 
realize  that  a  brain  is  not  a  mass  of  jelly  in  which  fibers  precipi¬ 
tated,  but  is  actually  a  host  of  separate  cells,  whose  thin  processes 
are  the  fibers.  This  is  the  neuronal  hypothesis  of  Ramon  y  Cajal, 
who  divides  the  cells  of  the  brain  into  the  information  handling 
neurons  that  stain  with  silver,  and  the  supporting  cells,  or  glea, 
which  are  the  wet  nurses  of  the  neurons  and  do  not  stain  with  silver. 

A  human  brain  weighs  about  three  pounds  and  has  a  blood  flow 
of  about  a  quart  per  minute— that’s  about  one-seventh  of  your  circu¬ 
lation.  It  heats  that  quart  of  blood  about  one  degree  Fahrenheit, 
that  is,  about  25  watts,  and  this  is  the  same,  waking  or  sleeping.  Only 
in  epileptic  fits  does  it  use  much  more  energy.  The  brain  floats  in 
cerebro-spinal  fluid,  which  has  the  same  density.  Its  pH  is  about 
7.2,  which  is  very  stable  except  in  fits. 

The  brain  gets  its  energy  Irom  burning  sugar,  glucose  to  be  exact, 
and  neurons  die  in  about  three  minutes  if  their  oxygen  supply  is  cut 
off.  It  ferments  the  sugar  to  pyruvic  acid,  but  cannot  live  unless  this 
is  burnt  to  COa  and  H^O.  This  burning  is  coupled  with  the  build¬ 
ing  up  of  adenocine  triphosphate,  which  is  the  source  of  its  energy, 
just  as  it  is  in  muscle.  It  stores  this  energy  in  phospho-crcatine,  and 
the  store  is  constant  except  in  convulsions,  when  it  is  greatly  de¬ 
pleted.  Nearly  a  hundred  diseases  of  the  nervous  system  have  been 
traced  to  definite  metabolic  disorders.  But  we  may  all  forget  all  of 
this  and  consider  the  brain  in  good  working  order  and  with  a  con- 
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stant  supply  »l  energy,  for  we  are  only  concerned  with  how  it  han¬ 
dles  information— for  that  is  its  function. 

Let  me  get  one  more  thing  out  of  the  way.  If  the  Greek  city-state 
was  to  survive,  it  had  to  have  one  more  law— "General  because  first" 
or  "General  because  best."  If  the  state  is  to  survive,  the  best  man  has 
to  lead  and  the  best  decision  has  to  be  made.  Then  all  have  to  agree. 
This  is  a  precursor  of  the  Darwinian  notion  of  the  survival  of  the 
fittest  determining  evolution,  and  it  is  crucial  in  decision-making 
and  in  learning,  as  opposed  to  mere  memorizing  or  conditioning. 
Neither  for  decisions  nor  for  learning  have  we  anything  approaching 
a  decent  neurological  theory,  and  I  shall  later  describe  this  problem. 

At  least  three  things  are  called  memory.  One  is  persistent  activity 
in  the  nervous  system.  This  lasts  like  sea-legs  or  dizziness  after  spin¬ 
ning.  In  old  age,  it  may  be  all  we  have  when  we  can  no  longer  make 
new  traces.  Bilateral  lesions  of  a  part  of  the  old  cortex,  called  the 
hypocampus,  produce  this  difficulty,  leaving  us  clear  memories  of 
earlier  days. 

If  we  are  to  make  new  traces,  there  must  be  some  change  in  struc¬ 
ture.  This  takes  time,  before  which  there  must  be  some  persistent 
activity  of  some  sort— probably  electrical  and  lasting  probably  min¬ 
utes,  some  think  for  half  an  hour.  The  structural  change  must  be 
such  as  to  affect  the  transmission  of  signals.  Presumably  this  means 
that  a  structural  material  like  protein  must  be  made,  and  this  re¬ 
quires  an  increase  of  a  template  for  making  it— tailed  ribose  nucleic 
acid.  This  is  known  to  occur.  Some  think  that  the  information  is  due 
to  the  structure  of  the  protein  produced,  as  it  is  in  the  development 
of  antibodies.  Others  think  it  may  be  just  more  piutein  to  be  shipped 
to  some  specific  part  of  the  neuron.  No  one  yet  knows.  Growth  with 
use  and  atrophy  with  disease  aie  com, non  properties  of  many  tis¬ 
sues.  We  wo’_,d  expect  them  in  the  learning  of  skilled  acts  in  brain 
as  in  brawn. 

The  third  thing  called  memory  seems  to  consist  of  successive  snap¬ 
shots,  at  about  10  per  second,  that  we  can  review  in  the  original 
sequence,  not  in  reverse.  These  we  use  in  reconstructing  a  crime  or 
accident,  I  have  no  idea  how  it  works.  It  has  been  best  studied  in 
the  memorizing  of  nonsense  syllables,  and  the  mean  half-life  of  such 
stuff  is  about  half  a  day.  The  half-life  makes  it  possible  to  guess  at 
the  energy  barrier  that  must  be  jumped,  and  from  this  come  various 
estimations  of  the  amount  stored.  Heinz  von  Foerstcr  has  proved  it 
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is  energetically  no  great  matter,  a  fraction  of  what  the  brain  uses. 
The  estimates  are  some  I013  to  1015  bits,  large  lor  even  a  large  com¬ 
puter  store.  So  much  for  memory  I  We  think  math  of  it  is  stored  in 
many  places,  probably  chiefly  in  the  forebrain.  Simple  location  is 
certainly  wrong.  It's  not  like  a  random  access  to  something  like  a 
magnetized  core.  It  may  well  be  distributed  as  in  a  hologram.  We 
don’t  yet  know  how  or  where. 

Before  we  come  to  the  detail  of  the  component  neurons,  their  con¬ 
nection  and  interactions,  let  me  describe  grossly  the  whole  central 
nervous  system.  It  consists  of  a  brain  and  spinal  cord.  The  biggest 
bulge  is  at  the  front  end  of  the  forebrain,  consisting  of  a  bark  or 
cortex,  whose  business  is  to  take  those  habits  that  give  us  percep¬ 
tions,  ideas,  conceptions,  etc.  Deep  to  the  cortex  is  the  antiroom  or 
thalamus,  where  signals  coming  from  elsewhere  than  the  cortex  are 
gated  and  relayed  to  the  cortex.  And  then  deeper  sits  the  upper  por¬ 
tion  of  the  so-called  basal  ganglia,  whose  business  is  to  program  our 
actions  as  in  walking,  eating,  dancing  and  swimming.  Behind  the 
forebrain  is  the  midbrain,  which  handles  more  automatic  movement 
and  receives  and  preproc  esses  information  from  receptors  for  acceler¬ 
ation  and  audition,  taste  and  touch,  In  lower  forms,  it  handles  every¬ 
thing  except  smell,  but  in  us  it  has  lost  its  visual  function  proper, 
though  it  still  has  an  input  from  the  eyes  and  directs  our  pate. 
Finally,  we  come  to  the  hindbrain,  which  has  a  huge  bulge  on  its 
back  called  the  cerebellum,  which  has  an  interval  clock  used  in  mak¬ 
ing  precise  our  ballistic  acts  by  stopping  at  the  right  place  whatever 
is  put  in  motion.  Since  it's  tapped  everywhere,  it  can  be  used  for 
autocorrelating  signals  up  out  of  noise,  and  it  is  used  exaggeratedly 
by  the  weak  electric  fish,  who  can  detect  a  one-millimeter  glass  rod 
at  a  distance  of  one  meter  in  brackish  water. 

Throughout  its  length,  the  nervous  system  can  be  divided  into  a 
sensory  plate  on  the  back,  a  motor  plate  on  the  front,  and  a  reticu¬ 
lum,  or  net  of  neurons,  between  them.  All  the  specialized  computers 
of  the  brain,  cerebral  cortex,  thalamus,  basal  ganglia,  cerebellum, 
etc.,  have  evolved  out  of  the  reticulum.  If  every  input  had  been  con¬ 
nected  to  every  reticular  cell  and  every  reticular  cell  to  every  motor 
neuron,  as  well  as  every  reticular  cell  to  every  reticular  cell,  then 
the  specialized  computers  could  be  made  by  omitting  some  connec¬ 
tions.  Actually  the  connections  were  never  that  rich.  The  core  of  the 
reticulum  has  not  evolved.  Its  business  is  to  make  those  decisions 
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that  commit  the  whole  organism  to  one  of  some  20  of  those  acts  with 
short  English  names— eat,  sleep,  fight,  Right,  etc.  In  segmented  an¬ 
imals,  including  us,  it  is  clearly  an  iterated  net.  1'he  theory  of  such 
nets  is  such  that  it  can  be  shown,  and  has  been  by  Hennie  and  Kil¬ 
mer,  that  every  question  we  would  like  to  ask  concerning  its  activity 
is  recursively  insoluble.  Kilmer  and  I  are  still  after  it.  It  is  the  com¬ 
mand  and  control  system  that  has  and  still  does  enable  us  to  sur¬ 
vive.  It  enjoys  a  redundancy  of  potential  command  in  which  infor¬ 
mation  constitutes  authority.  It  is  a  population  of  a  few  million  cells 
so  related  that  whatever  cluster  of  neurons  knows  what  has  to  be 
done  can  sweep  the  rest  into  harmonious  activity. 

So  much  for  the  grand  scheme.  Now  for  the  details  beginning  with 
die  components,  the  neurons.  Each  is  a  living  creature  having  a  body, 
branches  and  a  tap  root,  called  an  axon.  Normally  the  branches 
and  body  receive  signals  and  the  axon  passes  them  to  other  neu¬ 
rons  or,  if  motor  neurons,  to  muscles  and  glands.  The  membrane 
surrounding  the  cell  and  axon  has  a  capacity  ranging  from  1  pF  at 
least  to  about  40  pF  at  most.  It  is  composed  of  a  double  layer  of 
phospholipids  made  into  a  sort  of  insoluble  soap  by  calcium  sitting 
at  the  junction  of  the  layers.  Metabolism  maintains  a  voltage  through 
this  membrane,  about  1/10  volt  positive  outside.  So  long  as  the  volt¬ 
age  remains,  the  resistance  is  high;  but  when  it  is  forced  down  by 
about  1/3  of  its  resting  value,  the  calcium  ion  gets  out  of  the  way 
and  sodium  rushes  in;  then  potassium  leaks  out  and  the  voltage  over¬ 
shoots  to  negative  outside.  Then  the  sodium  is  pumped  out  and  the 
potassium  leaks  back.  The  equations  for  this  were  worked  out  by 
Hodgkin  and  Huxley  a  decade  ago.  By  nuclear  magnetic  resonance, 
it  is  easy  to  show  that  the  bulk  of  water  in  whole  brain  is  bound  in 
a  somewhat  icy  state.  The  sodium  ion  will  not  fit  in  such  a  lattice  and 
must  be  extruded  as  it  is  from  frozen  seawater;  hence  the  sodium 
pump.  Potassium  fits  and  can  diffuse  either  way  under  the  force  of 
the  electrical  field;  hence  the  potassium  leaks.  Lettvin  and  his  co¬ 
workers  have  shown  that  the  cruciai  actions  on  nerve  membrane  of 
all  ions  whose  shell  of  water  is  known  are  determined  by  that  shell. 
Calcium4*  is  replaced  by  lanthanum***,  whose  water  shell  is  like  it 
but  whose  valence  is  3  instead  of  2.  It  prevents  the  nervous  impulse 
from  occurring  and,  being  radio-opaque,  has  given  us  a  new  stain 
for  ultra-miscroscopy,  which  shows  its  location  in  the  membrane. 
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The  properties  of  the  hydrated  jsotassium  ion  as  to  sire,  mobility, 
etc.,  resemble  those  of  cesium,  which  has  no  water  shell.  Neive  mem¬ 
brane  pays  no  attention  to  cesium.  For  these  and  several  other  rea¬ 
sons,  one  can  be  sure  that  the  nerve  impulse  is  not  to  be  explained 
simply  by  solution  chemistry. 

VVhen  a  cell  body  becomes  sufficiently  depolarized,  the  near  part 
of  its  axon  suddenly  depolarizes.  This  nips  the  next  portion  and  it, 
in  turn  forces  the  next.  This  is  the  propagated  all-or  none  nervous 
impulse  whose  velocity  of  transmission  depends  upon  the  distributed 
resistance,  distributed  capacitance  and  distributed  battery,  as  you 
would  expect  in  a  distributed  repeater.  Seen  from  the  sui rounding 
medium,  it  is  a  traveling  sink  of  current  preceded  by  a  source 
whither  it  is  going  and  followed  by  a  source  whence  it  came.  Even 
at  a  small  lateral  distance  in  the  surrounding  conductors,  its  effect 
is  vastly  attenuated,  thus  reducing  cross  talk.  Excitation  of  a  cell 
is  produced  only  by  an  inwardly  directed  cuirenl  (N’a*).  Inhibition 
can  be  produced  either  by  hyperpolarizing  the  axonal  end,  in  which 
case  it  is  subtractive,  or  by  a  shunt  (K+),  in  which  case  it  is  di¬ 
visive.  Both  we  know  to  occur.  It  was  the  latter  that  Lettvin  used 
to  explain  his  algorism,  relating  the  form  to  the  function  of  neu¬ 
rons.  What  led  him  to  it  was  that  he  was  able  to  identify  the  func¬ 
tion  computed  by  each  of  4  varieties  oi  ganglion  cells  of  the  frog's  eye 
from  a  careful  anatomical  study  of  the  connectivity  and  dimensions 
cf  the  bipolar  and  ganglion  cells.  So  we  can  guess  function  from 
form  and  check  it  rapidly,  because  the  test  is  usually  appropriate. 
Finally,  note  that  a  neuron  is  not  a  simple  threshold  device,  like  a 
flip-flop.  It  sends  trains  of  impulses  whose  figure  in  time  carries  the 
message-somet  lines  the  mere  number,  sometimes  the  repetition  rate, 
perhaps  in  some  places  the  pulse  intervals  themselves.  From  a  logical 
point  ol  view  it  can  compute  at  least  every  boolean  function.  With 
only  a  threshold  device  with  just  two  inputs,  the  function  of  “if  and 
only  if"  and  "the  one  or  else  the  other”  cannot  be  constructed.  Yet 
we  have  in  the  brain  stem  a  collection  of  cells  embodying  the  latter. 
They  respond  to  signals  from  cither  ear  but  not  from  both.  A  beep 
in  one  ear  10  db  below  noise  in  that  car  alone  becomes  audible  with 
the  same  noise  in  both,  and  disappears  when  ihe  beep  is  in  both. 
It  is  these  cells,  working  on  phase  differences,  which  enable  us  to 
tell  its  direction  in  the  horizontal  plane.  This  is  best  done  with 
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a  click  and,  in  the  case  of  Prof.  Van  drr  Pol,  he  was  good  to  one 
microsecond,  whereas  no  neuron  is  good  to  rt  30  microseconds, 
either  in  sending  or  in  detecting  coincidence.  This  must  have  rested 
ii|x>u  a  vote  of  similar  neuions  that  enjoyed  the  requisite  variety.  The 
anastomotic  nature  of  nerve  nets,  the  variation  in  the  functions  they 
compute,  and  escape  from  the  confines  of  the  strictly  threshold  com¬ 
ponent  are  all  essential  in  the  reliable  computation  in  the  presence 
of  noise,  as  shown  by  Winograd  and  Cowan.  Ver veen  has  been  meas¬ 
uring  the  noise  in  axons.  It  rises  as  it  should  with  decrease  of  the 
diameter.  For  (i  microns,  it  is  about  a  percent,  and  for  the  finest 
it  exceeds  a  third  of  the  threshold  stimulus  and  hence  must  often 
fire  them.  For  low  frequencies,  it  is  as  you  might  expect,  1/F,  and 
for  higher,  white  noise. 

We  grow  no  new  neurons.  They  die  in  large  numbers  every  hour, 
and  the  circuits  must  be  designed  so  that  losses  of  large  numbers, 
either  scattered  or  bunched,  do  not  destroy  our  ability  to  perceive, 
think  and  act.  The  latter  requires  rcduplicatiun  of  receptors  and 
effectors,  as  well  as  of  nervous  structures. 

Finally,  we  can  only  survive  by  keeping  many  variables  within 
limits.  This  we  do  by  closed  loops  of  negative  feedback.  These 
circuits  exist  within  the  central  nervous  system,  through  it  and  the 
effector-receptor  circuits,  and  through  us  and  the  world  about  us. 
The  last  mediate  our  appetites.  So  purpose  as  well  as  knowledge  is 
the  proper  business  of  the  brain.  For  the  survival  of  our  kind,  we 
must  communicate  at  least  with  others  of  our  kind— hence  our  so 
cielies  and  our  languages.  We  arc  beginning  to  know  what  parts  of 
the  cortex  are  especially  requisite  for  them,  how  they  mature,  and 
what  happens  when  they  are  severally  destroyed,  but  not  yet  how 
they  work.  The  pathological  linguistic  feedback  in  human  commu¬ 
nities  produce  the  great  disorders  of  societies,  states  and  nations: 
schisms,  factions,  wars.  Their  normal  behavior  has  given  us  logic, 
mathematics  and  science,  and  this  is  my  next  concern. 

We  come  now  to  lively  imitation  of  these  living  things,  the  be¬ 
ginning  of  communication  engineering.  The  history  of  computers, 
digital  ones,  goes  back  to  keeping  tally  by  throwing  calculi  (pebbles) 
into  pots  and  to  the  abacus.  The  history  of  logical  machines  began 
about  1200  with  Lullian  wheels.  The  greatest  of  the  Lullians  was 
Leibnitz,  with  his  Universal  Characteristic.  He  rightly  says  if  you 
look  inside  a  thinking,  perceiving  and  caring  machine,  you  will  find 
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only  forms  in  motion,  for  his  was  mechanical.  Ixt  me  skip  the  rest 
and  corm  to  Turing,  who  piovcd  that  a  machine  with  a  finite  num¬ 
ber  of  states,  working  on  an  infinite  tape,  able  to  stan  one  square, 
move  one  square,  and  make  or  erase  a  mark,  could  compute  any 
number  that  a  man  could  compute.  What  distinguishes  his  lively 
computer  from  all  its  predecessors  is  not  merely  that  it  is  an  autm 
maton,  but  that  it  can  make  its  next  operation  dc|>cnd  in  part  on 
the  value  of  the  operand.  This,  he  saw,  entailed  that,  given  that 
there  was  any  other  source  of  mark?  apjicaring  on  the  wot  king  tape, 
it  had  the  possibility  of  induction  as  well  as  of  the  deduc  tion  inher¬ 
ent  in  arithmetic  calculation.  Inasmuch  as  Ciklcl  had  arithmetized 
logic,  the  calculation  of  all  calculable  numlx  f j  was  equivalent  to  de¬ 
ducing  every  consequence  of  a  finite  set  of  postulates.  In  1943,  when 
Pitts  and  I  proved  (hat  a  proper  set  of  neurons,  stupid  thieshold 
neurons,  could  compute  a  host  of  numliers,  making  use  of  rcvcrberal- 
ing  circuits  for  many  of  them,  and  given  teceptors  and  effectors  with 
an  infinite  tape,  cuuld  compute  all  numbers  dtat  a  l  uring  machine 
could  compute,  this  became  equivalent  to  saying  it  could  perceive 
any  figures  in  its  input.  By  1947,  we  had  a  general  theory  of  recog¬ 
nition  of  imivcisals,  such  as  a  cord  regardless  of  key,  oi  a  sha|>e  re- 
gardlcss  of  si/e. 

This  is  particularly  important  today.  William  of  Ocean,  who 
would  never  allow  unnecessary  entities  to  be  postulated,  insisted 
that  man  thought  in  two  kinds  of  terms -one,  natural  terms  enjoyed 
by  other  animals;  the  other,  conventional  terms,  enjoyed  by  man 
alone.  These  ate  linguistic,  logical  terms,  of  which  the  greatest  is 
number.  Now  the  natural  language  of  the  computing  mac  bines  is 
the  conventional  terms  of  man— notably  numbers.  It  was  fm  this 
that  Turing  had  designed  them.  They  think  in  number  faster  and 
more  surciy  than  we  do.  This  is  easily  extended  to  logic  and  formal 
languages  What  we  had  proved  was  that  their  use  could  be  ex¬ 
tended  to  perception  of  universal.  They  were  not  built  for  the  task, 
and  using  them  so  takes  a  deal  of  programming.  This  paved  the  way 
for  many  an  attempt  at  machine  recognition  of  objects,  tunes, 
"ham"-scnt  Morse  code,  sloppy  handwritten  letters,  and  machine 
evolving  and  machine  learning. 

Julian  Bigelow  realized  that  all  a  machine  had  to  have  was  in¬ 
formation  of  the  outcome  of  previous  acts  in  order  to  steer  projrcrly, 
even  at  a  moving  target.  He,  Wiener  with  his  mathematics,  and 
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Roscnhlmh  with  his  biology,  in  194.1  wrote  the  first  article  on 
teleology  and  merhanism,  thus  initiating  what  Wiener  christened 
Cybernetic'  in  his  famous  book  in  which  he  properly  included  the 
computrr,  whether  in  man  or  machine,  for  the  appropriate  handling 
of  information.  Thus  these  lively  machines  incorporate  purposes  as 
well  as  thinking  and  perceiving.  We  don't  indulge  in  suicidal  ven¬ 
tures  lightly,  and  there  is  many  a  one  way  trip  on  which  we  would 
be  happier  to  send  a  machine  than  a  man.  There  are  environments 
so  hostile  and  constraints  of  time,  spare  and  (sower,  where  a  small 
digital  cumputcr,  working  in  the  nanosecond  range  instead  of  the 
millisecond  range,  weighing  leu,  traveling  faster  and  controlling 
more  power  than  1/10  horse,  beau  us  with  our  I  /10-second  brain 
and  our  100-pound  carcass.  "Man  is  a  dial  twister  and  a  tube 
snatcher— wc  must  replace  him.”  So  said  an  admiral.  Having  spent 
years  of  lunches  with  Louis  Sutro  and  coming  to  the  conclusion  that 
the  hardware  was  yet  to  seek,  a  couple  of  years  ago  we  said,  "The 
time  has  come.”  We  began  working  on  artificial  frogs'  eyes  because 
there  we  had  best  knowledge  of  a  bug  catcher  and  because,  while 
the  eye  is  more  complicated,  the  brain  is  much  simpler.  Louis  began 
the  attempt  for  the  Air  Force  and  we  arc  continuing  it  for  NASA. 
1,  as  a  biologist,  want  it  to  look  down  a  microscope  for  trawling 
or  swimming  things  on  Mars;  but  it  would  be  equally  uselul  to  spot 
sandstorms  or  moving  monsters.  Suppose  the  eye  is  built,  and  the 
simple  computer  behind  it,  called  the  "superior  colliculus,"  with  4 
maps  in  register,  each  of  an  appropriate  function  such  as  an  advanc¬ 
ing  convex  leading  edge,  an  edge  coming  or  going,  etc.;  the  next 
problem  is  to  build  for  it  a  reticular  core  to  decide  whether  to 
transmit  that  picture,  or  store  it,  or  discard  it;  to  coordinate  its 
movements,  to  adjust  its  scope  or  switch  from  micro-  to  telescope  and 
look  about,  etc.  We  know  nature  does  it,  and  therefore  that  we  can. 
The  great  open  problems  are  as  follows.  Today  we  swap  space  for 
time  and  use  serial  computers.  Nature  has  beaten  us  at  miniturizing 
—packing  I010  components  in  a  single  head  so  it  can  work  "in  paral¬ 
lel"  and,  having  real  neurons,  not  our  poor  threshold  devices,  in 
truly  anastomotic  nets  combatting  noise. 

Theoretically  we  have  the  following  troubles.  Wc  lack  a  theory 
for  iterated  decisional  nets  like  the  reticular  core,  and  our  mathe¬ 
matical  symbolus  for  closed  loop  is  as  opaque  as  Roman  numerals  in 
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long  division;  one  operates  on  his  subscripts  instead  of  on  his 
arguments. 

We  lark  proper  artificial  neurons  capable  ol  computing  any 
boolean  function  and  so  of  being  able  to  compose  pio|Hily  anasto¬ 
motic  nets  to  compute  correctly  in  the  presence  of  almost  every  kind 
of  noise.  Both  Oanr  and  Stcwail  arc  after  this  ptoblcm  and  hope 
fully  one  will  succeed  or  they  will  get  otheu  so  inteiestrd  tftat  some¬ 
one  will  invent  them  -small,  cheap,  and  growablc  in  complex  nets 
front  simple  prescription. 

Perhaps  some  theorist  among  you  might  help  us  on  the  former 
problem,  and  certaissly  (he  lattes  is  in  your  held. 
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VII.  Theories  of  Memory 

Jui.ian  H.  Bkh.ciw 

In  this  pkkskn  cation,  (he  aim  is  to  c'iscti*s  ihr  organizational  as¬ 
pects  of  nitnioiy,  rather  than  the  detailed  mechanisms  of  elementary 
storage  cell*.  As  a  reference  framework,  elcclrulcchnologiral  memory 
appauim  designed  for  electronic  compile  is  will  Ik-  lited  ami  de¬ 
scribed,  because  these  tan  serve  to  illustiate  mans  of  the  problems 
that  are  involved  in  the  analysis  of  biulogital  memories.  They  can 
especially  reveal  important  differences  that  apj>rar  to  distinguish  the 
organization  of  man-made  nirmoiy  systems  from  those  generated  in 
rialtne. 

Motfern  electronic  tabulating  machines  use  memories  that  are 
constructed  so  as  to  provide  large  numbers  of  elementary  cells,  each 
cell  being  an  element  capable  of  being  selectively  forted  to  assume 
one  of  two  for  more)  distinguishable  slates.  The  rapidity  with  which 
the  individual  cell  ran  be  foiled  to  assume  a  tlcsiied  state  is  tailed 
the  "flip"  time,  and  has  hern  shortened  from  about  10 *  seconds  re¬ 
quired  for  a  very  fast  electromechanical  device  (of  the  era  1930- 
1940)  to  10*  seconds  for  standard  electron  tube  devices  (of  the  era 
1940-1930)  and  still  further  to  about  10  *  seconds  for  solid  slate  etc 
tnents  of  the  era  1950  I  960.  In  the  decade  I960  1970  solid  state  thin- 
filrn  techniques  have  lowered  this  time  lapse  to  the  range  of  10  * 
seconds,  and  it  is  possible  that  10  10  may  be  feasible  in  the  1965  1975 
era.  However,  with  regard  to  flip-time  it  is  clear  that  the  rate  of 
•perd-up  is  now  iagging  the  gain  factor  of  oncthousand-fold  pet  ten 
years  characteristic  of  the  earlier  progress.  The  reason  for  this  is 
quite  clearly  the  intervention  of  factors  other  than  the  solid  state 
physics  of  :‘ic  memory  cell  itself,  and  that  these  other  complicating 
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(41  lull  ait*  duct ( ty  lelaled  10  delay >  in  (hr  wiling  and  switching 
meant  by  whiih  an  individual  « ell  it  trialed  lot  atirii. 

Our  answer  10  ihii  "uvriiirjd  buulrn"  of  wiling  delay*  and  meant 
of  aunt  hat  Urn  in  make  individual  nirimny  dotage  cells  tm.dler 
and  tniallei .  Wlicicat  rkclionw  baiiical  irlayt  of  ihnmamllh-M-coiul 
flip.  ami  elrilion  iiiU't  of  millioinli  second  flip  weir  capable  of  tim¬ 
ing  front  one  in  (rn  two  dale  pieces  of  inhumation  ( ’bits")  |m  i  1  tiliii 
ceiilimclri  of  volume,  nmdein  tolul  dale  devices  tan  time  Ircttrr 
than  1 00,  ami  thin  film  devices  briin  than  10,000  bin  |u-r  cubic 
rciitinietci IIowt'c-i,  at  die  »i/e  ol  the  inrinoiy  cells  bat  become 
tniallei  ami  then  paiking  |kt  tniii  volnim-  veiy  in m b  gicuiet,  the 
difhtulties  of  ai truing  them  by  wiiet  ami  selective  switching  Irue 
rcniaiiuil  a  limiting  factoi  in  ti/e  ami  t|wrd,  and  tlrtpitc  gieat  in- 
grntiity  devoted  to  the  piobleni,  have  not  l>cc-n  lontleiitetl  at  elf rt 
lively. 

It  therefore  remains  tnir  that  the  design  of  an  olrt  titmii  tabulat¬ 
ing  machine,  built  from  the  most  up-to-date  miniaturized  cell-cunt- 
portents,  using  the  most  sophisticated  solid  state-  bistable  piojHitict 
know  11  to  date,  mills  out  to  la  a  liiisiiating  wk  tiling  man  It  with 
prolilenn  of  inter toiinei lability  and  pioxiinity  in  three  dimensions 
of  spare  ami  one  dimension  of  time.  Often  mote  hours  an  spent  on 
this  than  on  die  foitnal  brgiial  tit  signing  of  the  system,  and  on  die 
achievement  of  the  t-xlraoicljnaty  nnniatuti/ation  ami  cpiicknris  of 
itate  (lunge  in  the  imlivitlual  rlrnirnts  involvrtl 

One  way  of  gaining  insiglii  into  the  reason  that  iiiotlein  electronic 
lompulu  tlesigncis  find  themselves  in  this  son  of  a  logjam  is  by 
obsn  vmg  that  most  known  and  tindristood  tab  nlaiing  processes  that 
can  be  expressed  by  "piogiamtuing"  are  essentially  seiial  I  bete- 
fore,  in  tfftt  t,  only  otic  thing  is  going  on  m  the  tmuputer  at  a  time, 
eaih  step  l>eing  (01  at  least  mbjen  it*  Ix-tng)  conditionally  dr|K-n- 
dent  on  those  preceding  it,  so  (hat  essential  steps  usually  tanuot  lie 
canted  out  imlc|>eiidrnily  or  comurtetitly.  Kiom  many  (wrints  of 
view,  there  ap|K-ar  to  Ik-  icasons  to  believe  that  (Ins  serially  depen¬ 
dent  profK-ily  of  modern  computer  calculations  (.m not  t-mitely  Ire 
eliminated  by  any  conreivable  means  but,  on  the  other  hand,  may 
often  be  greatly  reduced  by  teionsidet  ing  the  statement  of  the  prob¬ 
lem  and  the  catalogue  of  algoiithuis  Kimepiu.dly  suitable  for  its  so¬ 
lution.  Another  way  of  sketching  the  same  difficulty  ami  avoidance 
tactic  it  to  point  out  dial  electronic  computeis  follow  instructions 
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very  rapidly,  so  that  they  "eat  up"  instructions  very  rapidly,  and 
therefore  some  way  must  be  found  of  forming  batches  of  instructions 
very  efficiently,  and  of  "tagging"  them  efficiently,  so  that  the  com¬ 
puter  is  kept  effectively  busier  than  the  programmer.  This  may  seem 
like  a  highly  whimsical  way  of  characterizing  a  logically  deep  ques¬ 
tion  of  how  to  express  computations  to  machines.  However,  it  is  be¬ 
lieved  to  be  not  far  from  an  important  central  truth,  that  highly 
recursive,  conditional  and  repetitive  routines  are  used  because  they 
are  notationally  efficient  (but  not  necessarily  unique)  as  descriptions 
of  underlying  processes. 

In  any  event,  serial  order  along  the  time  axis  is  the  customary 
method  of  carrying  out  computations  today,  although  it  is  by  no 
means  clear  that  this  choice  of  a  preferred  coordinate  in  representa¬ 
tional  procedures  is  either  advantageous  or  necessary.*  One  result  of 
this  choice  is  a  highly  specialized  functional  separation  of  the  logically 
distinct  components  of  the  computing  apparatus,  namely  memory 
here  control  there,  operation  (arithmetic)  unit  there  (etc.)  with  many 
resulting  nuisance  problems  of  effecting  a  flow  of  the  calculational 
process  through  the  bottlenecks  of  the  apparatus.  In  consequence,  it 
can  be  said  that  the  modern  high  speed  computer,  impressive  as  its 
performance  is  from  the  point  of  view  of  absolute  accomplishment, 
is  from  the  point  of  view  of  getting  the  available  logical  equipment 
adequately  engaged  in  the  computation,  very  inefficient  indeed. 
Ttius  thousands  of  very  refined  logical  elements  are  built,  each  cap¬ 
able  of  making  a  "flip"  to  store  or  divulge  a  bit  of  information  (or 
equivalently  to  make  a  logical  gating  decision)  at  a  very  fast  rate  for 
which  great  premium  is  paid,  and  then  they  arc  interconnected  in 
such  a  way  that  on  the  average  almost  all  of  them  are  waiting  for 
one  (or  a  very  few  of  their  number)  to  act.  Expressed  differently,  the 
average  duty  cycle  of  each  cell  is  scandalously  low,  often  being  in 

•  Of  course,  certain  physical  phtnomena — notably  those  described  by  thermo¬ 
dynamic  relations — involve  descriptions  giving  preferred  treatment  to  events 
ordered  in  time.  But  in  forming  any  mtxlel  of  real  world  processes  for  study  in  a 
computer,  thet  scents  no  reason  why  this  must  be  initiated  by  pairing  romputer- 
time  sequences  with  physical  time  parameters  of  the  real-world  model.  In  general, 
it  should  also  be  possible  to  trace  backwaid  or  forward  from  results  to  causes 
through  any  path  representation  of  the  process.  It  would  seem  that  the  time- 
intotime  convention  ordinarily  used  is  due  to  the  fact  that  humans  interpreting 
the  results  of  a  computation  and  matching  these  with  observations  on  physical 
phenomena  are  accustomed  to  working  in  coordinates  that  are,  to  to  speak,  "ego¬ 
centric." 
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the  range  of  one  act  in  ten  thousand  to  a  million  possible  action- 
occasions. 

A  second  result  of  the  habitual  serial-time  sequence  mode  and  of 
the  large  number  of  candidate  cells  waiting  to  participate  in  the 
computation  at  the  next  opportunity,  if  it  becomes  heir  turn,  is  the 
emergence  of  a  particularly  difficult  identification  problem.  Thus 
the  requirement  of  an  efficient  tagging  scheme  for  accessing  the  cells 
contributing  to  a  calculation  looms  large  because  of  the  need  to  ad¬ 
dress  an  arbitrary  next  candidate,  and  to  know  where  it  is  in  ma¬ 
chine-space.  Of  course,  it  can  be  said  that  to  the  extent  that  the  next 
candidate  participating  in  the  calculation  is  unpredictable,  explicit 
addressing  of  that  cell  is  an  irremovable  requirement  of  die  system 
design.  But  it  is  also  true  that  these  parameters  descriptive  of  a  given 
computational  process  on  a  given  system  of  apparatus  tend  today  to 
be  more  nearly  the  result  of  chance  circumstance  rather  than  of  de¬ 
sign.  In  short,  for  man-made  electronic  computers,  a  practice  adopt¬ 
ed,  whereby  events  are  represented  with  serial  dependence  in  time, 
has  resulted  in  computing  apparatus  that  must  be  built  of  elements 
that  arc,  to  a  large  extent,  strictly  independent  across  space-dimen¬ 
sions.  This  has  led  to  the  choice  of  a  preferred  mode  of  bringing 
into  play  these  computing  elements  by  means  of  explicit  systems  of 
tags  characterizing  the  basically  irrelevant  geometric  properties  of 
the  apparatus,  known  as  "addresses.”  Then  accomplishment  of  the 
desired  time-sequential  process  on  a  given  computing  apparatus 
turns  out  to  be  largely  a  matter  of  specifying  sequences  of  addresses 
of  items  which  are  to  interact.* 

Within  the  community  of  specialists  in  the  design  of  modern  high 
speed  electronic  calculating  machines,  and  of  experts  in  preparing 
and  formulating  c3lcul2tion.il  problems  to  be  exercised  on  such  ma¬ 
chines.  there  recently  has  been  general  recognition  of  the  impedi¬ 
ment  raised  by  this  time-serial  limitation  on  computation.  Also  rec¬ 
ognized  has  been  the  burden  of  explicit  addressing  as  sole  means 
for  introducing  connectivities  between  computational  elements,  such 
as  those  stored  in  the  “memory"  cells  of  the  machine,  and  the  com¬ 
putationally  active  ass  nblies  of  the  equipment  (arithmetic  units, 
etc.).  It  has  been  reali.  ;d  that  other  methods  and  techniques  may 
conceivably  be  workable,  even  for  some  classes  of  conventional  prob- 


•  In  1  more  abstract  form,  the  problem  outlined  here  is  related  to  certain  aspecn 
of  the  modern  theories  of  automata,  of  switching  and  of  acquential  machines. 
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lem  formulation  and  program  representation.  In  an  effort  to  avoid 
the  "strictly  serial"  computational  blockade  in  the  physical  hardware 
of  the  actual  machine,  various  attempts  at  introducing  logical  par¬ 
allelism  in  the  design  of  arithmetic  units  and  other  major  units  have 
been  explored.  The  ideas  of  Holland,*  Slomick  et  al*1  and  of  Aoki 
and.  Estrin1  represent  significant  approaches  to  better  dis.,ibution  of 
the  logical  calculating  load  represented  by  different  complex  prob¬ 
lems  over  the  calculating  capabilities  of  the  processor  configuration. 
Methods  of  representing  calculations  with  reference  to  their  separa¬ 
bility  into  independent  and  sequentially  dependent  parts  by  means 
of  topological  tools  have  been  explored  by  Karp  and  Miller.8  An¬ 
ticipatory  control  systems  designed  to  "look-ahead"  of  me  present 
stage  of  a  calculating  process  so  as  to  bring  together  the  probably- 
needed  future  constituents,  and  in  some  cases  to  partially  precalcu¬ 
late  it,  have  also  been  studied,  and  in  some  cases  reduced  to  more 
or  less  effective  practice.  Computation  by  successive  partially-com- 
plete  stages  has  also  been  studied.  Unfortunately,  all  these  schemes 
lead  to  inconclusive  estimates  of  effectiveness  because  of  lack  of  any 
general  penetration  of  the  underlying  logical  problems  of  represent¬ 
ing  the  basic  processes;  clearly  this  leads  into  very  deep  water. 

With  regard  to  the  explicit  address  nuisance,  studies  have  been 
made  of  the  possibility  of  causing  various  elementary  pieces  of  infor- 
mation  situated  in  the  cells  of  a  large  array  (say,  of  memory)  to  en¬ 
ter  into  a  computational  process  without  explicitly  generating  a 
coordinate  address  in  "machine-space"  for  selecting  them  out  of  the 
array  and  thereafter  introducing  them  into  the  active  phases  of  the 
computation.  Usually  these  schemes  are  called  "content  addressable 
memories”  or  "associative  memories"  or  the  like.  They  have  been 
proposed  and  studied  by  Slade,10  Petersen  et  al,12  Fuller2  and  many 
others.  In  general,  the  results  have  been  to  indicate  feasibility,  but 
that  the  additional  citcuit  logic  necessary  to  be  associated  with  each 
cell  of  memory  tends  to  be  prohibitively  large.  As  a  result  what 
would  be  accomplished  amounts  to  distribution  of  large  amounts  of 
arithmetic  logic  throughout  the  whole,  or  some  appreciable  part,  of 
the  memory  system.  If  not  used  in  a  very  efficient  fashion,  such 
schemes  tend  to  end  up  by  increasing  the  overall  amount  ol  logical 
equipment  resting  in  an  idle  state  rather  than  reducing  it,  although 
clearly  the  system  ran  handle  certain  types  of  search  operation  at 
very  high  rate.  It  would  seem  that  two  distinct  types  of  advance  are 
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needed  to  make  t:hi»  scheme  more  effective:  first,  a  better  characteri- 
xation  of  the  circumstances  under  which  it  is  to  be  used,  along  with 
efficient  representation  of  this  in  terms  of  the  massive  logical  opera¬ 
tions  provided,  and  second,  a  better  understanding  of  ways  to  com¬ 
bine  storage  and  interpretive  logic  more  efficiently. 

Summarizing  to  this  point,  the  problems  of  achieving  suitable 
memory  capabilities  in  high  speed,  man-made  computing  machines 
have  been  sketchily  reviewed  to  provide  a  set  of  background  ideas, 
concepts  and  terminology  suitable  for  discussing  other  more  general 
types  of  memory  organization  problems,  namely  those  of  biological 
systems  and  particularly  of  man.  It  should  be  emphasized  that  the 
criteria  of  efficiency  to  be  applied  to  memory  organizations  are  not 
the  same,  for  nature  is  able  to  "gTow"  vast  parallel  systems,  con¬ 
currently,  by  just  providing  the  right  conditions  and  milieu.  De¬ 
fective  natural  components  drop  out  of  the  system  automatically  by 
chancing  to  be  incapable  of  surviving  in  competition  with  effective 
components,  whereas  in  man-made  machines  every  elementary  com¬ 
ponent  must  be  individually  formed,  selected,  tested,  and  assembled 
into  the  system,  modem  film-chip  manufacturing  techniques  not 
withstanding.  Again,  there  is  no  evidence  that  man-made  elements 
wear  out  through  use,  and  can  be  expected  tc  last  just  about  as  long, 
on  the  average,  if  operated  so  as  to  change  state  ten  million  times 
per  second  as  when  they  sit  s  Really  in  one  state  or  the  other.  De¬ 
spite  these  differences  between  the  elements  that  are  man  made  and 
the  elementary  cells  (to  the  extent  that  they  are  known)  that  nature 
uses  in  constructing  memories,  it  seems  a  very  gre«c,  if  not  impos¬ 
sible,  jump  to  try  and  go  from  an  understanding  of  the  elementary 
cell  to  the  strict  deduction  of  memory  organization  logically  implied 
by  the  cel!  unit.  No  attempt  will  be  made  here  to  do  this. 

However,  it  is  of  interest  to  reflect  that  certain  characteristics  of 
computer  memory  organization  that  might  be  taken  for  granted  as 
essential  to  any  memory,  appear  not  to  be  typical  of  biological  mem¬ 
ory  systems.  For  example,  the  prevalence  of  explicit  addressing 
systems  within  computer  organizations  necessitates  expressing  all 
problems  to  the  machine  in  terms  of  locations  within  the  machine, 
and  this  corresponds  to  an  “empty  cell"  state  diagram  of  the  ma¬ 
chine.  Also  it  provides,  as  a  byproduct,  the  ability  to  command  the 
machine  to  empty  itself  and  restore  itself  to  some  initial  state,  re¬ 
gardless  of  what  computation  is  in  it  at  the  time.  Thus  the  machine 
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is  reversible  with  respect  to  any  "en  route"  calculating  state  or,  as 
algebraists  might  express  it,  every  elementary  calculating  state  of  the 
machine  has  a  unique  inverse  operation,  by  means  of  which  it  can 
be  put  back  into  the  zero  (cleared)  state.  For  a  general  purpose  com¬ 
puter  to  be  used  over  and  over  again,  this  is  necessary.  Without  it 
certain  calculations,  once  started,  might  not  effectively  be  reversible 
by  manipulating  the  input  terminals,  even  if  their  entire  genesis 
were  known. 

On  the  other  hand,  in  biological  memory  systems,  there  seems 
good  evidence  that  no  explicit  independent  addressing  system  is  pres¬ 
ent.  Although  the  evidence  is,  in  the  last  resort,  introspective  and 
indirect  concerning  biological  systems,  it  seems  strongly  to  indicate 
that  there  exists  no  operation  corresponding  to  "go  to  memory  ad¬ 
dress  XYZ  and  clear  it  to  zero  (empty)  state."  In  fact,  once  a  human 
has  received  a  piece  of  information  and  stored  it  "securely" •  in 
memory,  the  evidence  seems  to  point  clearly  to  the  conclusion  that 
whatever  it  is  that  gets  stored  cannot  be  erased  deliberately  by  the 
subject  or  by  any  other  person  who  may  be  attempting  to  construct 
an  inverse  operation  applicable  to  the  normal  input  channels  of  the 
human  "calculating"  system.  Thus  memory  of  a  regretted  act  lingers 
on  forever  and  can  be  denied  or  reinterpreted  in  some  other  (per¬ 
haps  more  acceptable)  framework  but  cannot  be  expunged  from  the 
record. 

The  irreversible  or  unerasable  property  of  human  memory  sys¬ 
tems,  for  which  there  is  considerable  evidence  derived  from  hyp 
nosis,  use  of  drugs  (etc.)  has  been  offered  as  the  key  argument  that 
human  memory  systems  do  not  use  explicit  independent  addressing. 
This  leads  to  another  poitulate  ahoiit  how  items  are  accessed  in 
human  memories,  and  this  is  by  sending  a  replica  (in  the  same  rep 
resentation  code  as  originally  used)  again  into  the  memory  via  the 
normal  input  channels.  If  this  is  indeed  a  correct  description  of  the 
sole  method  of  recalling  anything  whatever  from  human  memory, 
then  this  postulate  is  sufficient  to  explain  the  absence  of  an  erasure 
capability,  for  no  input  statement  to  the  system  »ould  be  possible 
concerning  any  item,  without  explicitly  including  that  item  in  the 
message,  and  therefore  the  re-input  of  the  item  redeposits  it  in  mem¬ 
ory  storage. 


This  term  will  be  explicated  below. 
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It  is  clear  that,  however  it  is  organized,  the  human  memory  must 
be  a  very  complex  system,  having  many  stages  of  process  depth  be¬ 
tween  which  there  must  exist  monitoring  and  "filtering'"  discrimi¬ 
nators,  which  act  so  as  to  interpret  and  re-code  whatevet  is  on  their 
input  and  to  selectively  pass  on  these  interpretations  to  deeper  stages 
of  the  storage  system.  Since  interpretation  and  recoding  operations 
can  be  visualized  as  projections  of  the  new  input  messages  against  a 
framework  of  past  accepted  interpretations,  it  is  clear  that  each  new 
input  set  can  lx-  encoded  so  as  to  be  adjoined  to  that  which  has  been 
coded  and  stored  in  the  past  and  that  the  coding  can  thereby  be 
made  efficient  and  compact.*  Clearly  the  outer  layer  stages  of  this 
successive  encoding  can  be  accomplished  primarily  with  "temporary" 
memory  facilities  and  a  modest  number  of  dcc<*ding  criteria  serving 
to  eliminate  most  of  the  input  messages  as  "not  significant.”  For  ex¬ 
ample,  in  proceeding  down  a  gravel  walk  with  eyes  downcast,  it  can 
easily  be  shown  that  a  few  miles  of  complete  visual  detail  might 
saturate  any  conceivable  human  memory  capacity,  so  that  it  is  clear 
that  the  only  message  passing  beyond  the  early  discriminator  stages 
is  simply  "gravel  walk"  suitably  encoded.  Prevalent  theories  of  hu¬ 
man  memory  include  the  postulate  that  selection  of  pathways 
through  the  multi-layered  discriminatot  system  is  accomplished  by 
a  routing  method  destribable  as  "wearing  down  pathways'"  by  re 
petitivc  use.  Whether  this  postulate  is  consistent  with  what  is  known 
about  human  memory  behavior  is  open  to  question  but  it  is  cer¬ 
tainly  suggestive  and  convenient.  The  only  point  essential  to  the 
present  discussion  is  the  postulate  that  the  human  memory  system 
does  have  successive  stages  of  interpretation,  and  that  only  the  inner 
stages  represent  permanently  irreversible  memory  storage  functions. 
Thus  the  outer  stages  can  be  compared  in  (unction  to  computer 
scratch  pad  memories,  with  much  deliberate  rejection  of  detailed 
data  (like  computational  round-off)  before  it  ever  gets  stored,  and 
which  are  provided  with  small  numbers  of  discriminatory  criteria 
or  "sorting  constants"  fed  forward  from  the  inner  stages  and  updated 
periodically. 

It  may  be  of  interest  to  make  a  brief  excursion  into  some  of  the 
knowledge— and  belief— that  is  available  to  characterize  some  as¬ 
pects  of  the  human  memory  system.  Some  twenty  years  ago,  estimates 


•  In  essence,  each  new  item  can  be  expressed  as  some  set  of  old  items  plus  a 
few  new  descriptor  so  that  the  "words"  of  the  stored  messages  grow. 
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of  the  number  of  nerve  cells  pretent  in  the  human  cortex  made  by 
cytologijtt  ranged  between  10*  and  10*°,  with  the  number  of  synap¬ 
ses  (critical  connections)  being  in  the  range  of  a  few  to  a  few  dozen. 
Today  estimates  of  the  number  of  cells  tend  to  be  10ie  or  more  and, 
what  is  more  important,  the  number  of  synapses  is  estimated  by  elec¬ 
tron  microscopy  to  be  often  in  the  range  of  10‘  or  more.  These  num¬ 
bers  are  so  enormous  that  they  are  almost  of  no  use  in  guessing  at 
how  the  memory  of  the  brain  can  be  organized;  they  are  great 
enough  to  provide  for  almost  any  imaginable  scheme.  With  regard 
to  reliability  of  functions  of  the  organ,  it  has  oiten  been  questioned 
how  such  an  enormous  number  of  elements  can  avoid  making  errors 
quite  frequently.  Of  course,  one  answer  is  that  the  in-out  data  rate 
of  the  system  is  rather  low  so  that  individual  errors  in  the  stored 
population  would  be  a  long  time  between  disclosures.  Also,  that  be¬ 
cause  the  in-out  data  rate  is  low,  much  "checking"  of  each  message 
by  the  monitoring  discriminators  or  filters  can  be  accomplished  with 
respect  to  "criteria  of  reasonableness"  before  disclosure.  But  an  even 
more  conclusive  answer  has  often  been  pointed  out,  namely  that,  by 
storing  multiple  copies  of  each  item,  the  chances  of  failure  can  be 
reduced  to  insignificant  levels.  This  has  been  most  clearly  indicated 
by  Minsky*  who  takes  the  example  of  each  message  being  stored 
in  n  places  at  random,  in  which  case,  removal  of  one-half  tire  brain 
would  remove  one-quarter  of  the  records  if  n  =:  2,  one-eighth  of  the 
records  if  n  =  3,  and  1/2'  of  the  records  for  any  n.  If  the  duplica¬ 
tion  number  n  were  tenfold,  damage  to  the  brain,  sufficiently  mod¬ 
erate  to  allow  the  subject  to  survive,  would  probably  not  be  dis¬ 
cernible  by  any  externally  applicable  test.  In  addition,  there  is  some 
reason  to  believe  that  the  apparent  permanent  difficulties  in  recall 
after  damage,  surgery,  etc.  are  probably  due  to  interference  with  the 
recall  pathways  rather  than  simply  to  the  loss  of  stored  data. 

A  great  mass  of  interesting  (though  highly  subjective)  data  exiits 
with  regard  to  memory  disabilities  of  various  sorts,  including  cortical 
tissue  damage  and  removal  by  accident,  surgery  and  disease.  Clearly 
there  are  many  types  of  difficulties  involved  in  the  interpretations  of 
any  such  data,  but  the  problem  of  what  kinds  of  side  effect  are 
likely  to  be  associated  with  such  damage  are  such  as  to  discourage 
treating  the  reports  as  suitable  for  any  scientific  purpose  beyond 
scientific  curiosity  and  speculation.  For  example,  to  turn  Minsky's 
argument  around  and  use  it  another  way,  if  the  cortical  memory 
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system  weie  so  organized  that  each  item  were  stored  in  ten  place*, 
but  the  acceu  pathway*  to  and  from  each  of  ten  arbitrary  sub-sec- 
tions  of  the  brain  were  guaranteed  to  pau  through  several  other 
such  subsections,  then  the  probability  of  interfering  with  almost 
everything  stored  in  memory  by  removing  any  slice  could  be  made 
arbitrarily  high.  It  can  be  said  simply  that  we  do  not  know  enough 
facts  at  present  to  permit  secure  interpretations. 

However,  there  is  one  type  of  information  regarding  malfunc¬ 
tion  of  the  human  memory  system  that  seems  just  a  little  tit  less 
dubious  than  data  involving  removal  of  cortical  tissue,  and  these 
arc  data  supplied  by  Russell*  on  recovery  of  memory  after  concus¬ 
sions.  He  reports  that,  characteristically,  memory  recovery  begins 
with  clear  recall  for  early  events,  and  only  gradually  advances  in 
time  toward  events  just  prior  to  the  accident.  As  memory  recovers, 
essentially  everything  up  to  a  given  time  is  very  clear  to  the  subject, 
and  with  each  time  advance  the  memory  recovery  for  that  period  is 
almost  immediately  substantially  as  complete  as  ever.  Occasionally, 
memory  recovery  is  in  time  intervals,  with  complete  amnesia  outside 
the  limits  of  the  interval  and  complete  recall  within. 

This  type  of  observation  concerning  the  gross  behavior  of  the  hu¬ 
man  memory  system  is  so  explicit  and  intriguing  that  the  temptation 
to  erect  a  card  house  of  speculative  ideas  upon  it  is  irresistible.  Con¬ 
sider  a  memory  system  without  explicit  addressing  features,  operat¬ 
ing  in  a  mode  where  each  item  of  data  (input  experience)  would 
constitute  its  own  description,  and  would  proceed,  so  to  speak,  as 
far  into  the  system  as  required  to  find  a  place  to  be  stored.  It  could 
be  forwarded  in  parallel  along  many  candidate  pathways,  passing 
discriminatory  lUiion*  at  which  it  would  be  required  to  undergo  a 
test  match  as  it  penetrated  inward  to  central  areas.  At  each  bound¬ 
ary  of  a  test-layer  it  would  try  for  a  match  on  each  pathway,  and  if 
the  match  were  perfect  at  any  pathway,  the  result  would  be  to  “add 
one  in  some  way"  to  a  counter  residing  there,  and  the  message  ter¬ 
minated  in  all  pathways  at  that  layer.  If  the  match  were  incomplete, 
a  different  tally  count  would  be  added  at  the  site  of  the  matching 
part,  and  the  difference  forwarded.  Eventually  the  difference  would 
either  be  eliminated  by  match-subtraction  and  then  all  forwarding 
would  cease,  or  some  part  of  the  advancing  item  would  emerge  into 
new  territory  and  be  stored. 

The  overall  behavior  of  such  a  storage  organization  would  be  that 
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(he  access  pathway*  of  the  memory  »y*tcm  would  be  built  up  sequen- 
tially,  nut  with  regard  to  absolute  time  but  at  an  historic  sequence 
peculiar  to  the  individual  who  experienced  that  particular  sequence 
of  events.  Two  jieoplc  would  access  their  memories  by  different  path¬ 
way  systems  depending  on  their  individual  experiences,  and  in  dif¬ 
ferent  order  of  comparison  with  regard  to  any  new  "test  input,"  All 
persons  would  recall  by  sending  test-messages  down  sequential  path¬ 
ways  of  which  the  early  events  would  be  those  of  the  subject's  early 
personal  experience.  In  all  cases  early  experience  would  be  rein¬ 
forced  continually.  For  every  "match,"  signals  are  sent  to  the  "deci¬ 
sion"  areas  of  the  logical  system,  so  that  reinforcing  due  to  recycling 
(etc.)  could  be  provided.  Of  course,  the  standard  difficulty  widt  such 
models  is  their  problem  of  getting  started  or  choosing  initial  condi¬ 
tions  under  which  the  resulting  process  would  prove  neither  too 
restrictive  nor  too  ramified. 

The  foregoing  discussion  ha*  been  concerned  with  theories  of  mem 
ory.  It  has  not  emphasized  either  the  experimental  techniques  or 
mathematical  techniques  necessary  to  lay  a  foundation  for  research 
in  this  area,  nor  to  gauge  confidence  in  the  prospects  for  successful 
effort  along  these  lines.  An  appreciation  of  the  importance  of  such 
technical  tools  is  absolutely  vital  if  these  interesting  ideas  are  to  ad¬ 
vance  beyond  the  point  of  curiosity;  one  must  be  prepared  to  calcu¬ 
late  and  estimate  simple  examples  in  order  to  gauge  complex  situa¬ 
tions.  These  serve  the  same  purpose  as  simple  examples  of  2  X  2  or 
3x3  matrices  having  integer  elements  serve  in  the  study  of  abstract 
group  theory;  they  illustrate  the  process  and  connect  the  theory  with 
something  more  down-to  earth. 

It  is  hoped  that  the  discussion  has  provoked  interest  in  the  many 
problems  related  to  theories  of  memory. 
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VIII.  Biological  Clocks1 

The  Function*,  Ancient  »nd  Modern, 
of  Circadian  Oscillations 

Colin  $.  Pittenmuch 


Dr  Ma!»an'*  Phenomenon 

Erwin  BOnninc  hat  drawn  atlention  to  a  remarkable,  brief  note  by 
the  French  geologist,  De  Mairan,  written  in  1729.  Dr  Mairan  wai 
evidently  intrigued  by  the  daily  movement!,  up  and  down,  of  the 
leaves  of  certain  plants.  Hoping  to  elucidate  the  nature  of  their  en¬ 
vironmental  causes  he  took  one  of  these  plants,  Mimosa,  into  a  cave 
where  it  was  free  of  any  daily  cycle  of  light  or  temperature.  To  his 
surprise  De  Mairan  found  the  daily  periodicity  of  movement  per¬ 
sisted  in  this  essentially  aperiodic  environment  Krmgui/ing  the  im 
portance  of  his  discovery  De  Mairan  commended  the  problem  to  his 
botanical  colleagues.  In  his  closing  comments  he  anticipated  slow 
progress  in  the  mailer-nut,  to  be  sure,  because  he  held  a  low  opin 
ion  of  botanists  but,  he  says,  because  progress  in  science  is  wholly 
dependent  on  expriimcut  and  he  presumably  foresaw  no  obvious 
experimental  attack  on  his  surprising  discovery. 

De  Matron's  phenomenon  attracted  a  long  and  distinguished  line 

I.  This  pap**  li  necunrily  a  brief  (undent* Hon  of  the  msteriil  covered  in 
nearly  lour  boon  of  lecture  and  disrutsion  The  indentation  hat  not  treated  all 
aections  of  the  oral  presentation  equally;  the  mechanism  of  entrainment  of  cir¬ 
cadian  rhythmi  by  light  and  the  besting  of  that  mechanlim  on  the  problem  of 
photoperkidic  time  measurement!  was  dlstuiaed  at  length.  It  is  omitted  here.  In 
attempting  to  give  a  short  written  paper  tome  focus  I  have  elected  to  develop 
tome  speculations  that  were  raised  only  In  discussion  during  ihe  Cloudrroft 
Seminar. 
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School  He  si  an  AFOSR  panlee  and  a  member  oj  Ike  Scientific  Ad¬ 
visory  Group  for  Ihe  Office  of  Aerospace  Reseanh.  He  is  on  Ihe  Space 
Science i  Board  of  Ihe  National  Academy  of  Sciencei  and  of  Ihe  Bio¬ 
logical  Sciences  Commune  of  the  National  Aeronaulki  and  Space 
Administration. 


TtNTH  ANSI!  £HSAHY  AfOSH  SCIENTIFIC  St. MISAK  97 


of  botanists  in  the  19lh  Century  including  De  (,'andolle,  Ilofmrister, 
Sachs,  Darwin  and,  es|>ecia)ly,  Wilhelm  Pfeifer.  Pfeifer  is,  uf  course, 
far  better  known  for  his  discovery  of  osmosis  amt  many  other  con¬ 
tributions  to  plant  physiology  than  he  is  for  two  books,  one  in 
1875  and  the  other  in  1915,  on  the  persistent  daily  rhythmicity  of 
leaf  movements. 

To  Sachs  in  the  late  1800  s  it  was  already  clear  that  the  light 
cycle  of  the  environment  was  not  forcing  any  periodicity  on  the 
plant,  it  was  only  serving  to  control  the  riming  of  a  jrcriotliciry 
arising  internally  from  other  causes.  All  of  the  botanists  at  the  end 
of  die  19th  Century  were  concerned  to  some  extent  with  what  adap¬ 
tive  functions  these  oscillations  served.  It  was  not  obvious  that  any 
useful  purpose  was  involved  at  ail,  Darwin,  not  surprisingly,  was 
nevertheless  confident  that  some  purpose  had  to  exist,  the  implica¬ 
tion  being,  of  couisc,  that  to  evolve  as  a  result  ol  natural  selection 
some  adaptive  advantage  is  necessary. 

Tnr  Fndooknous  (vs.  Kxch.inous)  Okioin  or  nir  Ovum  ai ions 

A  major  theme  running  through  the  literature  at  the  turn  of  the 
crnlury-aiid  continuing  up  to  19.10-was  the  jxcssibility  that  the 
rhythmicity  jxisisiing  in  constant  darkness  and  constant  ten»|x'ia- 
ture  arose  from  forces  external  to  the  plant;  that  some  unknown 
Factor  X,  an  unidentified  |»eriodicily  in  the  physical  environment, 
was  forcing  the  rhythmicity.  Even  today  there  is  still,  in  fad,  me 
laboratory  that  remains  convinced  of  the  reality  of  Factor  X,  Pro¬ 
fessor  Fiank  A.  Drown,  |r.  of  Northwestern  University  has  pub 
lished  a  long  series  of  studies  in  whirh  he  claims  to  detect  precise 
2-4-hour  periodicities  in  various  organic  activities  (respiration,  move¬ 
ments,  etc.)  that  icmain  phase-fixed  to  local  time.  These  per imliritics 
(whose  reality  has  been  questioned  on  statistical  grounds)  he  attrib 
utes  to  control  by  Kactor-X.  His  position  has,  however,  met  with 
considerable  criticism  in  the  field.  The  great  majority  of  workers 
has  long  since  concluded  that  De  Mairans’  phenomenon  arises  from 
wholly  endogenous,  not  exogenous,  causes. 

The  evidence  for  this  view  derives  from  various  kinds  of  observa¬ 
tion.  The  principal  ones  arc  as  follows:  The  pciioditiiy  |x*rsisting 
in  constant  dark  and  constant  tcni|>erature  can  Ice  stopjeed  by 
anoxia  or  low  temperature  and  resumes  when  oxygen  is  returned 
to  the  system  or  the  temperature  is  raised  again  to  a  level  at  which 
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metabolism  can  proceed.  The  energy  on  which  the  oscillation  de¬ 
pends  is  of  metabolic  oiigin.  When  it  resumes,  after  anoxia  or  low 
temperature  treatment,  it  does  so  at  essentially  the  point  where  it 
stopped.  Implicit  in  this  statement  is  the  important  fact,  demon¬ 
strable  with  many  other  techniques,  that  the  phase  of  the  rhythm 
in  constant  darkness  is  wholly  independent  of  local  time— that  is, 
of  the  phase  of  the  earth's  rotation  and  hence  of  all  factors  (includ¬ 
ing  the  unknown  Factor-X)  dependent  on  the  earth’s  rotation. 

The  most  impressive  fact  in  this  context  is  that  in  organisms  in 
which  it  can  be  measured  precisely,  the  period  of  the  rhythm  per¬ 
sisting  in  darkness  is  not  precisely  that  of  the  earth’s  rotation  (Fig¬ 
ure  1).  Proponents  of  the  endogenous  nature  of  these  rhythms 
(including  the  writer)  argue  that  only  by  adducing  the  most  cum¬ 
bersome  and  unlikely  additional  assumptions  can  one  explain  the 
origin  of,  say,  a  23  hour  and  15  minute  period  as  the  product  of  an 
(unknown)  driving  cycle  with  a  period  of  precisely  24  hours.  Franz 
Halberg  has  introduced  the  term  ciicadian  (L.  circa,  dies)  for  De 
Mairan's  oscillations.  This  term  emphasizes  the  theoretically  im¬ 
portant  discrepancy  between  their  period  and  that  of  the  earth’s 
rotation.  It  also  obviates  the  conflict  of  meanings  inherent  in  diurnal 
(vs.  nocturnal)  which  has  often  been  used.  The  phrase  "daily 
rhythms’’  lacks  the  precision  and  implication  of  Halberg's  "circadian 
rhythm  ” 

Individuals  within  a  species  differ,  genetically,  in  their  free- 
running  periods— that  is,  in  the  period  they  manifest  when  uncon¬ 
trolled  by  an  environmental  light  cycle.  And  their  periods  are  also 
open  to  some  experimental  manipulation  principally  as  a  result  of 
prior  light  treatments. 

As  a  matter  of  fact,  it  is  now  unfair  to  associate  Professor  Brown 
with  earlier  students  cf  Factor  X;  he  no  longer  regards  Factor-X  a* 
the  total  explanation  of  De  Mairan’s  phenomenon.  He  recognizes 
that  the  data  demand  the  existence  of  a  periodicity  of  endogenous 
origin;  his  interest  in  Factor-X  focuses  on  its  potential  role  as  a 
kind  of  pace  maker  that  confers  precision  and  tempterature  com¬ 
pensation  on  the  endogenous  oscillation. 

The  Ubiquity  and  Pervasiveness  of  Circadian  Oscillations 

De  Mairan’s  phenomenon  has  been,  by  now,  observed  in  a  remark¬ 
ably  broad  array  of  organisms:  unicellulars,  green  plants,  and  ani- 
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mats  at  all  levels  of  complexity  including  man  himself.  It  is  a  gen* 
eral  feature  of  the  physiological  organization  of  living  things  cn  this 
planet.  This  ubiquity  is  matched  by  the  diversity  of  functions  within 
the  individual  organism  that  manifest  the  oscillation.  In  the  unicel- 


Figure  1.  The  circadian  oscillation  of  locomotry  activity  in  Peromytcus 
maniculatus,  freerunning  and  entrained.  A  1:25  light-dark  cycle  is  imposed 
from  day  0  to  day  59.  The  oscillation  is  captured  into  entrainment  by  day 
6.  From  day  60  to  day  92  the  rhythm  again  freeruns  in  constant  darkness. 
An  18:6  light-dark  cycle  is  imposed  from  day  95  to  day  152  when  the  rhythm 
is  again  allowed  to  free  run.  Note  the  remarkable  precision  of  the  period  of 
the  freerunning  oscillation. 
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lular  Gonyaulax,  Hastings  and  Sweeney  have  found  circadian  oscil¬ 
lations  in  two  distinct  aspects  of  its  luminescent  system,  in  photo¬ 
synthesis  and  in  cell  division;  in  mice  or  rats  virtually  every 
parameter  studied  is  involved— blood  chemistry,  liver  chemistry, 
cell  divisions,  body  temperature,  susceptibility  to  X-rays  and  drugs, 
and  so  on.  The  practical  importance  of  these  more  recent  discov¬ 
eries  in  mammals  is  obvious  and  immense.  A  given  dote  of  £.  Coli 
endotoxin  will  kill  85%  of  mice  treated  at  one  point  in  their 
circadian  cycle  but  only  5%  at  another  (Halberg).  Similarly  extreme 
effects  have  been  reported,  again  by  Halberg,  for  the  dru&  ouabain. 
Gertrude  Stein  to  the  contrary  notwithstanding,  a  rose  is  not  neces¬ 
sarily  and  unqualifiedly  a  rose;  that  is  to  say,  it  is  a  very  different 
biochemical  system  at  noon  and  at  midnight.  The  phase  of  the 
organism’s  circadian  cycle  of  change  is  a  parameter  of  major  im¬ 
portance  the  physiologist  cannot  ignore.  Nor  can  the  pharmacologist! 

We  have  found,  paralleling  Halberg's  observations,  that  the  be¬ 
havior  to  a  fixed  stimulus  and  the  temperature  tolerance  of  Droso¬ 
phila,  is  markedly  different  at  different  circadian  phases.  And  along 
with  many  other  laboratories  we  have  found  significant  differences 
in  the  specific  activity  of  a  given  enzyme  system  assayed  in  vitro 
after  extraction  in  the  middle  of  the  subjective  day  and  the  middle 
of  the  subjective  night.  In  our  (Uwo,  Nakajima,  Townsend  and 
Pittendrigh,  in  press)  case  we  found  differences  in  the  Michaelia 
Constant  for  the  system,  day  and  night. 

The  Precision,  Innateness  and  Temperature  Compensation  op 

Circadian  Oscillations 

For  ease  of  assay  circadian  rnythmicity  is  most  conveniently 
studied  by  recording  some  behavioral  feature  of  the  whole  organism. 
In  mammals,  for  instance  (Figure  I),  locomotion  lends  itself  to  a 
very  useful  assay.  Rodents  have  a  curious  predilection  for  exercise  on 
running  wheels.  The  time  at  which  they  begin  and  continue  this 
activity  is  easily  recorded  by  coupling  the  running  wheel  via  a 
miaroswitch  to  an  operations  recorder.  Every  time  the  wheel  is 
rotated  a  pen  mark  is  made  on  the  horizontal  lines  (24  hour  length) 
in  e.g.  Figure  1.  The  onset  of  their  activity  in  24  hour  cycles  of  fight 
and  dark  is  precise;  in  nocturnal  species  it  begins  at  or  near  ‘‘sunset." 
When  the  organism  is  put  into  De  Mairan’s  conditions  of  constant 
darkness  and  temperature,  the  periodicity  persists  with  remarkably 
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clear  definition  and  persists  indefinitely.  The  period  of  the  rhythm, 
at  measured  by  the  intervals  between  activity  onsets,  is  circadian. 

The  precision  and  indefinite  persistence  of  the  rhythmicity  are 
among  its  most  striking  features.  The  standard  error  of  the  period 
in  some  of  these  free-running  rodents  may  be  no  more  than  about 
a  minute.  In  other  words  the  ‘‘error"  is  of  the  order  I  in  1090. 

The  rhythmicity  is,  moreover,  innate  to  the  organism;  it  is  not 
learned  by  prior  experience  (in  the  individual)  of  a  daily  periodicity 
in  the  environment.  Rigorous  demonstrations  of  innateness  have 
been  made  in  uniceiluiars,  insects  and  vertebrates. 

Perhaps  the  most  surprising  property  of  circadian  oscillations  is 
the  fact  that  their  period  changes  only  very  slightly  with  consider¬ 
able  changes  in  temperature.  This  temperarure-compensaiion  of  the 
oscillation  is  a  large  topic  in  its  own  right.  It  has  played  a  major  role 
in  F.  A.  Brown's  thinking.  The  difficulty  of  giving  a  simple  physio¬ 
logical  explanation  for  it  led  him,  in  part,  to  his  renewed  concern 
with  the  possible  existence  and  function  of  an  external  physical 
pacemaker  (Factor-X).  On  the  other  hand,  it  was  a  property  this 
writer  inferred  should  be  general  if  circadian  oscillations  were  ful¬ 
filling  a  general  dock-function-a  topic  to  which  I  shall  return 
shortly. 

The  Cellular  Basis  of  Circadian  Oscillations 

A  significant  result  in  the  last  ten  years  has  been  the  demonstra¬ 
tion  that  De  Mairan's  rhythms  do  not  depend  on  the  greater  com¬ 
plexity  of  multicellular  organization.  Single  cells  manifest  the 
rhythm— in,  for  example,  Euglena,  Gonyaulax,  Paramecium  and  the 
alga  Acetabularia.  Sonnehorn  and  Barnett  have  studied  a  remark¬ 
able  case  in  Paramecium  multimicronucleatum.  "Animals"  of  this 
species  oscillate  from  one  mating  type  to  another  in  the  course  of 
a  single  day.  From  what  is  known  of  the  genetics  of  mating  type  in 
other  species  this  result  is  suggestive  that  a  single  gene  may  be  un¬ 
dergoing  a  daily  cycle  of  induction  and  repression. 

Several  workers  have  made  attempts— mostly  abortive— to  strive  for 
further  delimitation  of  the  level  of  organization  necessary  to  sustain 
a  circadian  oscillation.  In  particular  the  question  of  whether  or  not 
the  nucleus  or  cytoplasm  is  the  site  of  the  driving  oscillation  has 
been  raised. 

Sweeney  and  Haxo  (1961)  and  Richter  (1963)  have  made  some 
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remarkable  observations  on  the  famous  unicellular  alga  Acetabularia 
which  lends  itselt  readily  to  such  tasks.  The  localization  of  the  nu¬ 
cleus  in  one  part  ot  a  single  cell  that  withstands  surgical  treatment 
permits  one  to  ask  whether  or  not  the  enucleated  cytoplasm  can 
sustain  a  circadian  oscillation-in  this  case,  of  photosynthetic  activ¬ 
ity.  It  can,  even  for  as  many  as  30  cycles.  The  ease  with  which  sub- 
cellular  grafting  can  be  achieved  in  this  alga  permitted  Schweiger, 
el  al  (1964)  to  show,  however,  that  in  a  "synthetic’’  cell  consisting 
of  nucleus  and  cytoplasm  placed  180°  out  of  phase,  the  resultant 
steady  state  rhythm  of  the  cell  is  that  dictated  by  the  nucleus.  In 
any  case  the  large  amounts  of  DNA  in  the  cxtranuclear  organiza¬ 
tion  of  Acetabularia  render  the  capacity  of  its  "cytoplasm"  to  sustain 
an  oscillation  of  doubtful  general  significance. 

Many  attempts  have  been  made  to  manipulate  circadian  rhyth- 
micity  chemically;  and  for  the  most  part  these  attempts  have  been 
singularly  unsuccessful.  In  the  absence  of  labeling  the  negative 
results  are  not  too  significant;  there  is  no  assurance  the  agents  ap¬ 
plied  entered  the  cells  in  significant  amounts.  But  at  least  some  of 
those  who  have  attempted  the  work  are  impressed  with  its  apparent 
insusceptibility  to  chemical  control.  There  arc,  to  be  sure,  some 
reports  of  positive  effects  but  they  are  not  all  fully  convincing. 
Hastings  appears  to  have  affected  phase  shifts  in  Gonyaulax  with 
cyanide  arsenitc  and  p-chloromercuriben/oate.  Bunning  has  reported 
data  on  the  effects  of  colchicine,  urethane  and  alcohol  on  period 
length.  And  Bruce  and  Pittendrigh  found  effects  of  D,0  on  both 
the  phase  and  period  of  the  F.uglena  system.  In  any  case  none  of 
these  results  has  proved  fruitful  of  suggestions  as  to  the  chemical 
basis  (if  any)  of  the  oscillation. 

One  of  the  best  known  studies  along  these  lines  is  that  of  Kara- 
kashian  and  Hastings.  Using  the  unicellular  (dinoflagellate)  Gony¬ 
aulax  they  measured  the  effects  of  several  antimetabolites  known  to 
affect  various  steps  in  the  protein  synthetic  mechanism.  The  action 
of  actinomycin-D  is  known  to  affect  the  production  of  messenger 
RNA— the  primary  step  in  the  transcription  of  the  inherited  mes¬ 
sage  of  the  cell’s  DNA.  They  found,  following  actinomycin  treat¬ 
ment,  that  the  rhythms  of  luminescense  and  photosynthesis  decayed. 
This  result,  surely  of  considerable  interest,  is  however  somewhat 
equivocal  as  to  meaning.  The  loss  of  rhythmicity,  as  such,  by  no 
means  demonstrates  that  the  agent  responsible  has  affected  the  cell's 
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clock;  iu  target  could  as  well  be  the  coupling  of  the  clock  (or  driving 
oscillation)  to  the  phyiiological  system  assayed. 

The  only  unequivocal  demonstrations  of  manipulation  of  the 
clock  concern  cither  the  period  of  th'  phase  or  a  steady  state  rhythm. 

Strumwasser  hat  very  recently  given  evidence  on  the  action  of 
actinomycin  that  piomises  to  fulfill  these  requirements.  In  a  bril¬ 
liant  study  of  circadian  rhythmicity  in  a  single  ganglion  cel)  from 
the  inollusk  Aplysia,  he  has  succeeded  in  making  intracellular  injec¬ 
tions  of  various  agents.  The  results  so  far  published  show  a  clear 
phase-shift  of  the  oscillation  following  injection  of  actinomycin.  At 
present  technical  limitations  preclude  measurement  of  the  rhythm 
for  much  more  than  a  single  cycle  after  treatment.  We  cannot,  there¬ 
fore,  be  sure  that  the  phase-shift  seen  in  that  cycle  would  persist 
in  the  steady-state  and  thus  demonstrate  fully  that  the  driving  oscil¬ 
lation  has  been  affected  and  not  (again)  some  coupling  mechanism 
between  the  driver  and  the  assayed  rhythm. 

Other  suggestions  that  the  nucleic  acid  systems  in  the  cell  are 
intimately  involved  in  circadian  rhythmicity  arise  from  observations 
by  Ehret  and,  independently,  by  Sweeney  that  ultraviolet  at  254  m^ 
can  efTcct  steady  state  phase-shifts.  There  are  pecularities  in  both 
Ehret's  (Paramecium)  and  Sweeney's  ( Gonyaulax )  results  that  indi¬ 
cate  the  UV  is  achieving  its  cflecu  by  a  quite  distinct  route  from 
that  of  visible  radiation- 

The  Ceu.  and  Organism  as  an  Oscillator  Entrainable  by 

Light  Cycles 

In  195?  Bruce  and  I  pointed  out  that,  formally,  circadian  rhythms 
are  self-sustaining  oscillations,  and  pursued  a  general  comparison 
between  the  organism-environment  relation  and  that  of  two  oscil¬ 
lations,  one  entraining  the  other.  In  historical  perspective,  it  is  clear 
that  circadian  oscillations  in  the  cell  and  organism  arc  an  evolved 
match  to  the  striking  oscillations  of  the  physical  environment.  Me¬ 
tabolism  has  evolved  an  oscillatory  time  course,  and  in  nature  that 
oscillation  in  metabolism  and  behavior  assumes  a  definite  phase- 
relation  to  the  external  cycle  of  physical  change.  Attainment  of  that 
"proper"  phase  relation  is  effected— at  least  principally— by  the  light 
cycle.  The  cellular  oscillation  couples  to  the  light  cycle  and  is  en¬ 
trained  or  driven  by  it.  The  light  cycle,  as  Sachs  long  ago  recognized, 
it  not  imposing  the  rhythm.  Its  action  is  strictly  comparable,  mathe- 
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matically,  10  the  action  of  one  oscillation  entraining  another,  fully- 
autonomous,  self  sustaining  oscillator. 

Entrainment  implies  control  in  two  respects.  The  entrained  oscil¬ 
lation  assumes  the  period  (or  frequency)  of  the  entraining  cycle; 
when,  as  in  the  biological  case,  the  entraining  cycle  is  error-free,  the 
error  inherent  in  the  entrained  oscillation's  imperfections  are  re¬ 
moves.  Second,  the  entrained  oscillation  assumes  a  determinate 
pha-c-rdation  to  the  entraining  cycle.  The  net  biological  result  is 
dear  temporal  control;  specific  events  in  the  circadian  cycle  occur 
at  particular  times  in  the  environmental  cycle. 

It  is,  for  the  most  part,  an  act  of  biological  faith  when  we  go 
further  and  say  that  the  end  result  is  execution  of  given  functions 
at  the  "right  time  of  day."  This  is  to  follow  Darwin  in  his  confidence 
that  some  adaptive  function  does,  ultimately,  attach  to  such  a 
remarkable  piece  of  organization.  To  suppose  otherwise  is,  im¬ 
plicitly,  to  appeal  to  something  other  than  natural  selection  as  the 
historical  agent  of  the  system. 

I  will  not,  in  this  written  version  of  my  contribution,  pursue  what 
is  now  known  of  the  mechanism  of  entrainment  by  light.  Suffice  it 
to  note  a  few  points  of  general  interest.  First,  light  cycles  are  uni¬ 
versally  effective  in  entraining  circadian  oscillations.  In  poikilo- 
thermous  ("cold-blooded")  organisms  temperature  cycles  can  also 
entrain  but  they  are  probably  always  less  powerful  agents,  and  re¬ 
cent  work  by  Mr.  Zimmerman  in  our  laboratory  shows  this  is  cer¬ 
tainly  the  case  in  Drosophila.  Second,  observations  by  Halberg, 
Richter  and  my  laboratory  have  shown  that  in  mammals  the  light, 
in  its  entraining  function,  is  transduced  by  the  eye;  blinded  mice, 
rats  and  hamsters  fail  to  entrain  to  light  cycles.  It  is,  however,  likely 
that  this  route  is  historically  secondary,  If,  as  i;  surely  true,  the 
hypothalamus  acts  as  driving  center  in  the  system  of  circadian  oscil¬ 
lations  within  a  vertebrate,  its  coupling  to  the  environmental  light 
cycle  will  almost  necessarily  demand  an  inte  mediate  coupling  to  a 
superficial  photoreceptor.  (It  is  noted,  however,  that  Ganong's  re¬ 
markable  demonstration  of  the  penetration  of  the  visible  into  the 
vertebrate  brain  stem  takes  some  force  from  this  argument).  How¬ 
ever,  it  is  equally  dear,  as  experimental  fact,  that  the  Drosophila 
circadian  system  can  be  entrained  without  any  organized  photore¬ 
ceptor  in  the  larval  stage.  And  several  workers  (including  Lees  and 
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Williams)  have  demonstrated  that  photoperiodic  induction  (which, 
1  shall  argue  later,  ii  a  function  of  the  circadian  oscillation)  can  be 
effected  by  the  action  of  light  absorbed  directly  by  central  nervous 
tissue.  In  Paramecium,  other  unicellular*,  and  in  green  plants,  the 
question  of  an  organised  "eye”  does  not  arise.  They,  too,  are  en- 
trainable  by  light.  The  general  conclusion  is  that  some  molecule  in 
the  cell,  not  specifically  devoted  to  photoreception  in  the  usual 
visual  sense,  absorb!  the  entraining  light  and  is  intimately  connected 
with  the  driving  mechanism  of  the  circadian  oscillation. 

The  third  point  I  wish  to  emphasize  about  light  cycles  as  entrain- 
iug  agents  lot  circadian  oscillations  is  the  general  result  that  the 
photoperiod  in  each  cycle— the  fraction  of  the  period  occupied  by 
light -has  a  major  effect  on  the  phase  and  the  waveform  (insofar  as 
one  can  measure  or  infer  this)  of  the  entrained  rhythm. 

Chromometry  by  Circadian  Oscillations:  Celestial 

Orientation  and  Photoferiooism 

Bi  ucc  and  I  have  suggested  that  the  resurge  of  interest  in  circa¬ 
dian  rhythms  since  1950  largely  derives  from  the  remarkable  studies 
by  Gustav  Kramer  and  Karl  von  Frisch  which  showed  that  birds 
and  bees,  respectively,  can  maintain  a  given  direction  throughout 
the  day  using  the  sun  as  compass.  They  compensate  for  the  move¬ 
ment  of  their  celestial  direction  giver  with  the  aid  of  an  internal 
24  hour  clock.  The  experiments  supporting  these  remarkable  con¬ 
clusions  arc  classics  of  experimental  zoology.  Hoffman  and  others 
have  shown  that  the  animals’  clock  is  phased  to  local  time  by  virtue 
of  being  coupled  to  the  environmental  light  cycle.  In  starling?  Hoff¬ 
man  lias  shown  further  that  the  clock  will  continue  to  operate  in 
continuous  dim  light  and  proves  to  be— in  these  freerunning  con¬ 
ditions— a  circadian  oscillation.  Its  freerunning  period  is  about  23^j 
hours. 

Kramer's  initial  demonstration  prompted  my  own  reinvestigation 
of  the  temperature-relations  of  the  circadian  system  in  Drosophila. 
On  the  hypothesis— then— that  circadian  oscillations  were  the  evolu¬ 
tionary  foundation  of  Kramer’s  clock,  it  seemed  to  me  that  to  be 
useful  in  this  respect  they  should  be  temperature  compensated;  and 
they  proved  to  be  so.  Since  then  (1954)  temperature  compensation 
has  been  shown  to  be  a  universal  feature  of  circadian  oscillations 
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even  in  tingle  cell*  (Bruce  and  Pittendrigh,  1956).  And  tinre  1950 
time  compensated  sun-orientation  hat  been  discovered  in  a  remark 
ably  diverse  array  of  metar-a. 

It  it  clear,  however,  that  this  spectacular  clock  function  it  recent 
in  the  history  of  life;  it  has  exploited  already  existing  circadian 
oscillation*;  it  does  not  account  for  their  initial  evolution. 

Nearly  15  years  before  the  work  of  Kramer  and  von  Frisch,  Erwin 
Biinning  had  rrlateu  circadian  rhythms  to  a  quite  distinct  set  of 
phenomena— those  of  photoperioditm.  Garner  and  Allard  showed,  in 
1920,  that  the  switch  from  vegetative  to  floral  growth  in  some  plants 
was  controlled  by  the  number  of  hours  of  daylight-the  photoperiod 
—in  each  daily  cycle.  BUnnii.g*  suggestion  in  I9S6  was  Ural  the 
endogenous  "daily"  rhylhmicily  of  plants  was  causally  related  to  this 
control.  He  envisaged  what  we  now  call  the  plant's  circadian  rhythm 
as  consisting  of  two  half  cycles— one  photophilic  and  the  other  acolo- 
philic.  The  latter,  in  its  usual  phase  relation  to  the  environmental 
day,  lies  in  the  nightly  dark  period.  He  suggested  that  as  the  length 
of  day  changed  the  early  scotophil  would  be  illuminated  or  not, 
according  to  season.  When  illuminated  in  tong  day  plants  the  switch 
to  floral  initiation  was  closed;  in  short  day  plants  illumination  of 
the  early  scotophil  kept  the  switch  open.  Hit  hypothesis,  translated 
into  the  current  jargon,  was,  in  fact,  that  the  circadian  oscillation 
of  the  plant  was  serving  as  the  clock  that  effects  the  time-measure¬ 
ment  implicit  in  photoperiodism;  it  was  the  cWk  measuring  the 
duration  of  the  daily  photoperiod. 

That  hypothesis  was  a  brilliant  stroke  in  its  day.  It  anticipated  the 
current  emphasis  on  the  time-measurement  as  such  as  thr  knottiest 
problem  in  photoperiodism,  and  it  anticipated  the  current  treat¬ 
ment  of  circadian  oscillations  as  biological  clocks  in  general.  Yet 
the  hypothesis  has  met  vith  stubborn  opposition  by  student*  of 
both  plant  and  animal  photoperiodism.  That  opposition  is  now 
weakening  and  the  evidence  today  leaves  essentially  no  doubt  that 
Banning’*  basic  proposition  is  fundamentally  correct  (cf.  e.g.  Pit- 
tendrigh  and  Minis,  1964  and  Pittendrigh,  1965). 

On  the  Ancient,  or  Primary,  Function  or  Circadian  Oscillation* 

Time  compensated  sun  orientation  is  surely  a  recent  development 
in  the  history  of  organisms.  And  it  seems  likely  that  classical  photo- 
periodism  is  of  mote  recent  origin  than  circadian  oscillations  in 
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general.  Biinning  (1957)  has,  to  lx*  sure,  suggested  that  their  role  in 
photoperiodism  ii  their  primitive  function  -the  source  ol  the  orig¬ 
inal  telcction  pressures  that  generated  them.  That  seems,  however, 
very  unlikely  to  this  writer.  Circadian  oscillations  an  widespread  in 
uniicllulars  foi  instance,  in  which  with  one  recent  exception  (Steele, 
1965)  there  iv  no  evidence  of  seasonal  control  by  photoperiod. 
Brimiing't  attempt  to  find  functional  significance  for  them  in  photo- 
periodism  re-emphasizes  a  j*oint  already  noted.  Since  Darwin's  day 
botanists  have  been  hard-pressed  to  find  adaptive  meaning  for  the 
particular  manifestation  of  circadian  rhythmicity  they  most  often 
encounter  and  study,  via:  the  "sleep"  movements  of  leaves.  I  ac¬ 
knowledged  earlier  in  this  papet  that  the  proposition  of  a  "right- 
time  of  day"  for  a  given  metabolic  function  is  in  large  part  an  act 
of  faith.  1  he  fact  is  that,  for  many  of  the  circadian  rhythms  sc 
letted  as  obvious  and  easily  assayed,  there  is  no  very  well  defined 
adaptive  function.  Remmcrt  (1962)  has  justifiably  questioned— as  at 
least  not  proven— the  adaptive  utility  I  suggested  some  years  ago 
(1954,  1958)  for  the  Drosophila  eclotion  rhythm.  Indeed,  Remmert 
is  perplexed  about  the  adaptive  function  of  the  huge  number  of 
other  insert  "Schluprythmucn." 

The  sheer  diversity  of  activities  in  organisms  that  manifest  circa¬ 
dian  rhythms  raises  a  clear  question.  Arc  they  of  independent  evo¬ 
lutionary  origin  or  have  a  common  historical  oiigin?  Of  course, 
there  is  no  doubt  that  many  of  the  details  of  diverse  circadian  sys¬ 
tems  are  of  independent  origin,  and  that  some  of  their  formal 
properties  owe  their  similarity  to  convergence.  It  is  difficult,  how¬ 
ever,  to  accept  a  convergence  from  inc'c|x*ndeni  origins  the  ex¬ 
planation  of  all  the  similarities  they  show,  especially  those  most 
"improbable”  physiological  features:  (1)  precision,  (2)  tomperstiae 
compensation.  They  are  all  similar,  too,  in  their  entrainability  by 
light.  It  is  difficult,  in  short,  not  to  retain  as  a  working  position  the 
view  that  there  is  common  core  to  the  structure  of  circadian  oscil¬ 
lations  that  is  ancient;  that  they  evolved  in  service  of  a  function  not 
yet  explicitly  recognized;  and  the  few  clearly  defined  functions  they 
serve  today  are  secondary  exploitations  of  an  organization  that 
arose  to  meet  other  immediate  problems. 

If  such  an  ancient,  primary  function  indeed  exists,  it  is  certainly 
not  known  and  the  discussion  could  well  rest  there.  I  believe,  how¬ 
ever,  that  recognition  of  the  issue  is  itself  important.  Functional 
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analysis  ami  explanation  is  not  the  only  nor  even  the  main  task 
of  the  biologist;  but  even  when  he  is  primarily  concerned.  as  1  am, 
with  physiological  explanation,  he  cannot  afford  to  neglect  func¬ 
tional  issurs  as  touchstones  to  progress.  Living  organiiation  is  the 
product  of  an  historical  development  molded  by  natural  selection 
whose  only  concern  is  in  fact  functional.  It  is  then  possible  that  by 
recognizing  the  possibility  of  a  primary  function,  to  far  not  recog¬ 
nized,  we  may  be  led  to  useful  new  avenues  of  question  and  casual 
analysis. 

The  Light  Cvcix  as  the  Pximaiv  Agent  or  Selection 

The  relation  of  the  light  cycle  to  circadian  rhythmirity  is  today 
recognized  only  as  that  of  iu  entraining  agent,  but  it  is  a  reasonable 
speculation  that  the  daily  alternation  of  light  and  darkness  was  the 
historical  cause  (selective  agent)  ot  circadian  oscillations  ill  the 
first  place. 

This  line  of  thought  derives  from  recalling  the  prerequisites  for 
organization  in  a  chemical  system.  The  principal  of  these  is  that  the 
constituent  reactions  cannot  pioecetl  spontaneously  at  the  prevail¬ 
ing  levels  of  free  energy.  I  hermochcmitaily  this  means,  of  course, 
that  the  reactions  the  cell  employs  involve  energy  barriers  uttsur- 
mountable  at  prevailing  temperatures;  they  proceed  only  on  com¬ 
mand  which  rests  with  enzymes  and  ultimately  with  the  nuclear 
store  ol  information.  Little  attentioi  seems  to  have  been  given—in 
this  general  context-  o  the  problem  of  visible  radiation  as  an 
energy  source  that  threatens  organization. 

Of  course,  the  fau  is  that  the  majority  of  the  cell's  constituents 
are  colorless,  and  uncontrolled  activation  by  the  visible  is  thus 
excluded.  It  may  well  he  that  in  the  history  of  the  ceil  ibcrc  has 
been  selection  for  colorless  molecules,  but  if  that  is  true  (and  it 
seems  likely)  it  is  a  fa  <  that  for  some  functions  colorless  molecular 
devices  have  not  been  found.  The  flavins  and  cytochromes  are 
examples  of  ubiquitous  fundamentally  important  molecules  that 
arc  eolored-and  where  color  has  no  detected  function. 

No  attention  seems  to  have  been  given  to  the  consequences  of 
illuminating  those  molecules  whose  color  is  without  obvious  func¬ 
tion.  At  any  rate  it  is  surely  reasonable  to  consider,  at  least,  the 
likelihood  that  some  subroutines  in  the  cell's  overall  tasks  arc  im¬ 
paired  by  the  activation  of  molecular  pift  c-parts  in  the  flood  of 
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viiiblr  radiation  to  which  it  it  subjected  each  day.  To  that  extent 
the  routine  delegation  of  some  chemical  activity  to  the  recurrent 
daiknru  of  each  night  would  lx  an  obvioui  cscajx  from  tiic  photo¬ 
chemical  threat  to  organisation. 

A  miscellany  of  otherwise  disconnected  facts  has  suggested  to  me 
that  wc  should  not  ignore  this  line  of  thought  and  futthri  that  the 
activities  involved  may  conrern  thr  cell's  central  coriiiols— those  of 
protein  synthesis  and  specification.  1  noted  earner  that  there  is  sug¬ 
gestive  hut  not  yet  compelling  evidence  from  actinomycin  and  l)V 
treatments  that  the  nucleic  acids  are  intimately  involved  its  the  cell's 
driving  oscillation,  Theie  is.  too,  the  long  known  fact  that  an  cniyme 
system  involved  in  repairing  UV  damage  to  the  genetic  material  ab¬ 
sorbs  in  the  visible;  this  is  the  phenomenon  of  photoreactivation. 
The'  cn/ynic  concerned  is  incidentally  evidently  involved  in  the 
nirchanis.  of  genetic  recombination- at  least  in  bacteria.  And  the 
miscellany  is  completed  by  the  observation  of  Sulkowski.  S.onimski 
and  colleagues  that  gene  induction  (in  yeast)  can  be  inhibited,  at 
least  for  some  hours,  by  visible  radiation  during  the  transition  from 
anaerobic  to  aerobic  metabolism.  It  is  cettain,  at  least,  that  part, 
and  perhaps  an  important  part,  of  the  central  control  mechanism 
absorbs  the  visible  and  is  functionally  significantly  affected  by  the 
resulting  activation,  The  jmwibiliiy  arises  that  one  way  of  coping 
with  this  activation  is  to  resit id  the  steps  cuncerncd-pcrhaps  gene 
induction  itself-  to  the  daily  daik  pciiod. 

Circadian  Om  ili  ations  as  Synciironuinc;  Cats*  in  rttr  Timinc;  or 

Df  VELOPMENIAL  Sit.ps 

1  noted  some  years  ago  (1954)  that  the  circadian  rhythm  in  Druso 
pit tin  pseuaoobscura  war  funaioning  as  a  synclitoni/ing  gate  for  the 
ad  of  cclosion.  In  spite  of  Marker's  (l%5)  recent  discussions,  this  re¬ 
mains  clearly  true.  But  recent  work  hy  fikopik  and  i'ne  at  Piinceton 
demonstrates  that  the  synchronization  manifest  at  cclosion  must  oc¬ 
cur  much  earlier  in  pupal  development.  Harker's  data,  which  she 
interprets  radically  differently,  show,  in  our  view,  the  same  result. 
When  a  circadian  oscillation  is  initiated  in  Drosophila  at  any  stage 
in  its  development,  the  remainder  of  development  takes  a  time  to 
completion  that  is  strictly  modulo  the  period  of  the  oscillation. 

We  are  ciiircntly  concerned  with  the  implication  that  the  initia¬ 
tions  of  new  subroutines  in  development  are  gated  by  the  circadian 
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oscillation  in  the  system  in  a  manner  broadly  comparable  to  that  of 
a  master  clock  in  a  synchronous  computer.  In  such  computers  the  in¬ 
puts  necessary  from  a  diversity  of  subroutine;— some  slow,  some  fast 
—are  guaranteed  to  be  available  by  jxmponir.g  the  initiation  of  the 
next  round  until  a  gate  is  opened:  and  that  gate,  timed  by  a  master 
clock,  occurs  with  a  freq>,f,ncy  adjusted  to  the  slowest  subroutines. 
Synchronous  computers  ate,  thus,  slower  than  the  more  ela'roratc 
asychronous  devices  that  can  be  built,  but  they  are  cheaper.  All 
real  computers  involve  a  mix  of  asynchronous  and  synchronous  fea¬ 
tures,  And  it  is  obvious  that  the  organized  reading  and  execution  of 
the  cell's  DNA  is  not  always  regulated  by  synchronous  gates— and 
certainly  not  by  gates  recurring  with  a  period  as  long  as  24  hours. 
But  it  is  by  no  means  excluded  that  selection  has  seized  the  oppor¬ 
tunity  cf  circadian  oscillations,  especially  if  they  involve  a  reading 
of  the  message,  io  buy  a  degree  of  organization  more  cheaply  than  is 
otherwise  possible.  There  is  an  obvious  appeal  in  the  idea  of  2  tem¬ 
perature-compensated  oscillation  functioning  as  a  synchronous  gat¬ 
ing  device  in  a  system  whose  piece-parts  are  conspicuously  tempera¬ 
ture  dejsendent.  A  Drosophila  egg  raised  at  10°  or  28°C  yields  a  fly 
that  is  essentially  the  same;  morphogenesis  and  differentiation  are 
temperature  compensated;  the  reading  of  the  message  is  temperature 
compensated. 

It  is  clear  that  if,  in  eukaryotic  forms,  the  cell  has  restricted  some 
light-sensitive  step  in  message  reading  to  the  daily  dark  period,  it 
has  also,  ipso  facto,  instituted  a  temperature  compensated  synchro¬ 
nizing  gate.  What  we  arc  now  pursuing  in  Drosophila  is  precisely 
this  idea.  The  working  position  is  that  eclosion  is  only  a  special  case 
of  ?  general  gating,  by  the  circadian  oscillation,  of  all  new  gene  in¬ 
ductions;  indurer  may  have  been  available  earlier  but  induction 
awaitr  a  opre  daily  scan  of  the  message.  This  view  is  encouraged 
for  us  by  Harker's  facts  which  she  interprets  in  a  fundamentally  dif¬ 
ferent  way.  She  appears  almost  to  uony  the  existence  of  oscillations 
in  individual  flies  and  regards  the  time  of  eclosion  as  determined  by- 
summing  the  intervals  between  earlier  developmental  steps.  It  is,  of 
course,  trivially  true  that  such  summation  occurs;  eclosion  is  the  end 
of  development.  What  she  ignores  is  the  fact  that  development  times 
are  always  it  times  the  period  ol  circadian  oscillation  and  further 
that  her  own  data  indicate  that  each  new  step,  like  the  appearance 
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of  eye  or  wing  color,  tends  to  be  phase-fixed  to  the  light  cycle— and 
hence  to  the  circadian  oscillation. 

This  frankly  speculative  excursion  into  the  history  and  primary 
functional  significance  of  circadian  rhythmicity  would  be  unjustified 
were  it  not  suggestive  of  new  experimental  work.  Fortunately,  it  is. 
We  are,  in  fact,  greatly  encouraged  in  testing  the  proposition  that 
the  timing  of  new  morphogenetic  events  in  mid-development  is  as 
manipulable  by  the  phase  of  circadian  oscillation  (itself  manipu 
lablc  by  brief  light  flashes)  as  the  terminal  event  of  eclosion  itself. 

It  is  not  difficult  to  relate  this  line  of  thought  to  the  involvement 
of  circadian  rhythms  in  photopcriodic  induction.  The  change  in  day 
length  that  occurs  with  season  effects  a  switch  in  metabolic  program 
—as  from  vegetative  to  floral  growth.  That  change  demands  evoca¬ 
tion  of  a  part  of  the  nuclear  message  otherwise  ignored  or  suppressed. 
In  short,  photopcriodic  induction  must,  in  last  analysis,  involve  in¬ 
duction  of  specific  genes.  The  prospect  that  induction  is  restricted 
to  a  daily  ^can  of  the  message  in  each  dark  period  is  clearly  compati¬ 
ble  with  the  further  idea  that  induction  of  a  given  gene  lying  to¬ 
wards  the  end  of  the  scanning  sequence  is  as  photosensitive  as  the 
inductions  Sulkowski  el  al  have  observed  in  yeast  cells.  There  is,  of 
course,  evidence  now  from  bacterial  studies  that  any  scan  of  the 
message-for  replication  or  reading— will  begin  at  a  fixed  point  and 
proceed  linearly  down  the  fixed  species  specific  codon  sequence.  The 
meager  facts  available  indicate  a  scanning  time  for  replication  in 
eukaryotic  cells  of  6  or  8  hours;  iv  .-  '  asonable  to  anticipate  that  a 
reading  scan  will  tak*  essential!)  i».e  same  time— which  is  in  the 
right  range  for  measurement  of  night  length. 

The  scope  of  the  speculation  I  have  ventured  here  guarantees  that 
much  of  it  will  be  wrong.  Its  justification  is  in  part  its  testability,  as 
I  noted.  But  it  is  also  justified  if,  in  isolating  and  emphasizing  the 
question  of  a  primary  unidentified  function  for  circadian  oscilla¬ 
tions,  the  speculation  prompts  new  questions  and  experiments. 


IX.  Combustion  Instability 
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The  topic  that  I  have  chosen  for  today  is  both  complex  and  rather 
specialized,  yet  in  a  sense  these  very  features  make  it  appropriate 
for  this  seminar.  Much  science  in  the  sixties  is  characterized  by  at¬ 
tacks  on  complex  problems.  This  comes  about  for  two  reasons.  First, 
because  of  the  development  of  modern  instrumentation  in  the  ex¬ 
perimental  field  and  computing  machines  in  the  theoretical  held,  it 
becomes  possible  to  attack  problems  of  greater  complexity.  Second, 
because  science  and  technology  have  become  such  a  major  factor  in 
our  society  it  is  necessary  to  attack  complex  problems  if  they  are 
important  to  technological  advance.  Those  of  us  who  are  in  the 
sciences  close  to  the  applied  areas  must,  in  fact,  choose  our  prob¬ 
lems  because  of  their  importance  rather  than  for  their  simplicity. 
Our  approach,  therefore,  is  guided  by  the  need  for  a  solution  and 
limited  by  our  abilities  and  by  the  techniques  and  equipment  avail¬ 
able  t  >  us.  Nevertheless,  the  classical  approach  is  absolutely  vital  to 
the  handling  of  complex  problems.  The  steps  are.  as  they  have  al¬ 
ways  been,  analysis  and  synthesis-or  if  you  like,  resynthesis.  By  this 
I  mean  that  the  problem  must  be  broken  down  into  its  simplest 
components,  and  each  of  those  components  studied  until  it  is  thor¬ 
oughly  understood.  The  idea  is  to  define  simpler,  but  pertinent, 
problems  within  the  grasp  of  one's  undemanding.  Having  mastered 
the  details  of  these  simpler  problems,  one  then  attempts  a  synthesis 
—or  resynthesis— to  see  whether  the  knowledge  of  the  simpler  prob¬ 
lems  provides  an  adequate  understanding  of  the  whole  phenomenon. 
If  it  does,  then  we  have  success.  If  it  doesn’t,  then  we  obviously  have 
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left  out  tome  important  feature  in  our  analysis,  and  we  must  go  back 
to  see  what  it  was. 

Another  feature  of  science  in  the  sixties  is  the  stress  on  teamwork. 
This  is  also  not  new,  for  throughout  the  history  of  science  workers 
have  built  on  the  efforts  of  predecessors  or  contemporaries.  Today, 
however,  at  the  pace  at  which  we  demand  solution  of  problems, 
rapid  exchange  of  information  becomes  even  more  essential.  Again 
I  think  the  subject  that  I  will  discuss  today  illustrates  this  very 
clearly.  The  work  that  I  will  describe  comes  from  a  number  of  in¬ 
vestigators,  among  whom  I  should  specifically  mention  Angelus  at 
the  Allegany  Ballistics  Laboratory,  Wood  at  Rohm  &  Haas,  Price 
and  Horton  at  the  Naval  Ordnance  Test  Station,  Switheribank  and 
So  ~at  Sheffield  University,  Levine  at  Rocketdyne  and  Ryan  at 
the  iJniversity  of  Utah,  along  with  my  colleagues  Hart,  Bird,  Can¬ 
trell  and  Foner  at  The  Applied  Physics  Laboratory.  My  remarks 
will  depend  heavily  on  the  work  done  by  these  men  within  the  past 
five  or  six  years. 

Acoustic  Instability 

There  are  several  kinds  of  combustion  instability.  I  will  limit  this 
lecture  to  one  kind  alone,  namely,  high  frequency  instability— or  as 
I  prefer  to  call  it,  acoustic  instability.  This  kind  of  instability  occurs 
in  both  liquid  and  solid  rockets.  I  will  devote  my  detailed  discus 
sion  to  the  phenomenon  in  solid  rockets.  Many  of  the  things  that  I 
say  are  equally  applicable  to  the  problem  in  liquid  rockets.  I  shall 
mention  a  few  of  the  featuies  of  liquid  rockets  at  the  end. 

First,  let  me  remind  you  of  the  nature  of  a  solid  rocket.  It  nor 
mally  appears  as  a  hollow  cylinder,  the  interior  walls  of  which  are 
covered  by  solid  propellant.  This  solid  propellant  has  a  so-called 
linear  burning  rate,  namely,  the  rate  at  which  the  surface  regresses 
normal  to  itself  as  the  propellant  is  consumed.  The  linear  burning 
rate  is  dependent  upon  the  pressure  in  the  chamber  and  upon  the 
gas  velocity  sweeping  across  the  surface,  or,  if  you  like,  tangential  to 
the  surface.  This  latter  phenomenon,  namely  the  dependence  upon 
the  gar  velocity  across  the  surface,  is  called  the  "erosive”  component 
of  httrnh-.g.  The  velocity  distribution  within  the  rocket  motor  is 
dependent  upon  its  geometry,  and  since  the  burning  away  of  the 
solid  makes  the  geometry  itself  dependent  upon  the  time,  the  burn¬ 
ing  rate  of  the  propellant  is  dependent  upon  the  time.  The  mass 
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rate  of  production  of  gat  will  depend  upon  the  product  of  the  burn¬ 
ing  rate  and  the  surface  area  of  the  propellant  exposed  to  the  gases. 
To  a  good  approximation,  the  mass  rate  of  discharge  of  gas  from  the 
rocket  through  the  nozzle  is  proportional  to  the  pressure  within  the 
rocket.  A  constant  pressure  within  the  rocket  can  then  be  obtained 
by  tailoring  the  geometry  of  the  propellant  charge  so  that  the  varia¬ 
tion  of  surface  area  exposed  to  the  hot  gases  will  keep  the  product 
of  the  surface  area  and  the  burning  rate  constant  at  a  constant  pres¬ 
sure,  Since,  in  general,  the  erosion  will  decrease  as  time  goes  on  be¬ 
cause  the  channels  will  open  as  the  propellant  burns  away,  this 
means  that  the  surface  must  be  arranged  to  be  slightly  progressive, 
that  is,  the  surface  area  increases  somewhat  with  time.  For  the  pur¬ 
pose  of  this  lecture,  it  suffices  to  say  that  there  are  a  number  of  ways 
of  designing  the  geometry  of  propellant  charge  so  that  these  char¬ 
acteristics  can  be  met.  Then  one  would  expect  a  steady  constant 
pressure  as  the  rocket  burns.  These  rather  general  considerations 
fall  into  the  field  of  steady  state  interior  ballistics.  The  principles 
are  quite  well  understood  in  a  semi-empirical  sense,  and  one  c?n  go 
about  the  design  of  a  rocket  on  the  basis  of  these  principles  with 
some  degree  of  assurance,  providing  a  steady  state  really  exists. 

But  does  the  steady  state  exist?  One  of  the  frustrating  experiences 
for  the  rocket  designer  comes  about  because  of  the  failure  of  this  cri¬ 
terion  to  be  met.  Having  designed  a  rocket  according  to  the  well 
known  principles  of  steady  state  interioi  ballistics,  the  designer  is  of¬ 
ten  horrified  to  sec  that  his  device  performs  beautifully  for  a  portion 
of  its  burning  time  and  then,  for  some  strange  reason,  blows  up.  If  he 
then  constructs  the  same  rocket  motor  in  a  case  of  thick  walled  steel 
—a  so-called  "battleship”  case  he  finds  that  for  some  time  the  pres¬ 
sure  approximates  very  closely  that  which  he  predicted,  then  sud¬ 
denly  jumps  to  a  new  level  considerably  higher  than  the  steady  state 
level.  Of  course,  in  a  light-weight  case,  the  rocket  would  rupture 
when  tbi*  pressure  jump  occurs. 

If  he  now  places  within  the  rocket  gauges  that  respond  to  very 
high  frequency,  he  finds  that  there  are  oscillations  in  pressure  at  say 
1000  cycles  per  second,  or  10,000,  or  perhaps  20,000.  Analysis  of  these 
frequencies  indicates  that  the  natural  acoustic  modes  of  the  cylinder 
of  gas  are  excited  to  very  high  levels.  These  acoustic  mooes  of  the 
cylindrical  gas  column  within  the  rocket  may  be  described  as  axial  or 
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transverse— depending  upon  the  motion  of  the  gai.  If  the  gas  motion 
it  back  and  forth  along  the  axis  of  the  cylinder,  then  one  is  dealing 
with  an  axial  mode.  On  the  other  hand,  if  the  gas  motion  is  pre¬ 
dominantly  in  a  plane  perpendicular  to  the  axis  of  the  cylinder,  the 
mode  is  transverse.  Among  the  transverse  modes  are  the  radials  and 
the  tangeniials.  In  the  radial  modes,  the  motion  of  the  gas  is  back 
and  forth  along  the  radii  of  the  cylinder.  In  the  tangentials  the  mo¬ 
tion  is  predominantly  around  the  circumference  of  the  cylinder.  In 
the  first  tangential,  for  example,  the  gas  more  or  less  sloshes  back 
and  forth  from  one  side  of  the  cylinder  to  the  other.  In  the  second 
tangential,  the  gas  sloshes  back  and  forth  in  pie  shaped  sectors,  with 
four  such  sectors  to  the  cross  section  of  the  cylinder.  In  the  third 
tangential,  there  would  be  six  such  pic  shaped  sectors.  The  most 
general  mode  of  the  oscillation  of  the  gas  in  the  cylinder  is  a  combi¬ 
nation  of  axial,  radial  and  tangential  motions.  One  or  another  of 
these  modes  or  perhaps  several  at  one  time  may  be  excited.  To  make 
the  problem  more  complicated,  it  should  br  remembered  that  the 
geometry  is  changing  with  time,  because  the  piopellant  is  burning 
away.  Thus  the  frequency  of  the  modes  is  dunging  with  time. 
Therefore,  the  "music’'  played  by  this  rocket  can  be  quite  complex. 
The  intensity  of  the  "sound"  waves  observed  is  quite  striking.  Their 
amplitudes  can  reach  several  hundred  psi  in  a  rocket  whose  steady 
state  pressure  might  be  500  psi.  These  are  sound  waves  outside  the 
normal  realm  of  experience. 

To  make  things  more  complicated,  the  solid  propellant  itself  is 
also  an  elastic  medium.  Thus  the  annular  column  of  solid  propel¬ 
lant  can  itself  support  stress  waves.  This  becomes  important  when 
a  natural  mode  of  the  propellant  corresponds  in  frequency  to  a  nat¬ 
ural  mode  of  the  gas.  At  that  point,  the  solid  goes  into  violent  oscil¬ 
lation  with  considerable  loss  of  energy  through  visco-elastic  forces, 
and  as  a  result  the  oscillation  is  damped. 

If  we  now  focus  our  attention  upon  the  transverse  waves,  we  will 
note  that  for  a  given  mode  the  frequency  in  the  gas  phase  will  fall 
with  time  because  the  diameter  of  the  cylindrical  gas  column  is  in¬ 
creasing.  On  the  other  hand,  the  corresponding  mode  in  the  solid 
will  rise  in  frequency  with  time  because  the  thickness  of  the  solid 
annulus  is  decreasing.  From  time  to  time  a  mode  excited  in  the  gas 
will  be  damped  by  oscillation  in  the  solid.  The  system  may  be  stable 


I 


1  \  a  SCIENCE  /N  THE  SIX  TIES 

for  awhile  and  then  excited  in  tome  other  mode  or  perhaps  again 
in  the  same  mode.  The  time  course  of  the  phenomenon  can  thui  be 
quite  complicated. 

The  Cause  of  Excxssivr;  Fuessure 

Acoustic  mode*  of  the  system  may  be  excited  to  high  amplitude. 
But  why  does  the  average  pressure  of  the  system  change  so  drasti¬ 
cally?  Either  the  propellant  must  have  burned  more  rapidly  than 
expected  or  the  discharge  of  gas  through  the  norrle  must  have  oc¬ 
curred  less  rapidly. 

Or.e  method  of  examining  this  problem  is  to  perform  a  "partial 
burning."  In  this  technique  a  heavy  walled  motor  is  caused  to  rup¬ 
ture  at,  say,  its  head  end  by  means  of  explosive  bolts  or  similar  de¬ 
vices.  at  a  predetermined  time  after  the  initiation  of  burning.  The 
consequent  sudden  drop  of  pressure  extinguishes  the  burning  of  the 
pr  pellant.  The  remaining  propellant  may  then  be  examined  to  see 
whether  excessive  burning  has  occurred.  Such  experiments  indeed 
show  that  there  has  been  excessive  burning  at  various  places  on  the 
propellant  surface.  These  regions  of  excessive  burning  arc  distribu¬ 
t'd  in  a  complicated  way.  One  source  of  this  excessive  burning  is 
called  "acoustic  erosion."  Consider  a  transverse  mode,  say  the  first 
tangential.  The  motion  of  the  gas  is  back  and  forth  across  the  sur¬ 
face.  Now,  erosive  burning  consists  of  the  increase  in  burning  rate 
due  to  the  flow  of  gas  across  a  surface.  It  will  not  normally  be  de¬ 
pendent  upon  the  direction  of  flow  across  the  surface.  In  our  tan¬ 
gential  mode,  for  one  half  cyc  le  the  gas  will  flow  in  one  direction 
across  the  surface  and  in  the  second  half  cycle  the  flow  will  be  in  the 
other  direction.  The  erosive  tesponse,  however,  will  be  an  increase 
in  burning  rate  in  both  half  cycles.  The  increase  in  burning  rate  due 
to  erosion  in  the  first  half  cycle  will  be  added  to,  rather  than  com¬ 
pensated  for,  by  the  increase  in  burning  rate  in  the  second  half  cy¬ 
cle.  The  net  result,  therefore,  is  an  increase  in  burning  rate  at  the 
areas  where  the  velocity  maxima  in  the  acoustic  wave  pattern  occur, 
with  little  or  no  compensation  elsewhere. 

T  his  ohenomenon  of  acoustic  erosion  suffices  in  many  cases  to  ex¬ 
plain  the  increase  in  pressure  when  the  acoustic  wave  is  excited. 
There  are,  however,  cases  in  which  the  total  rise  in  pressure  is  too 
high  to  be  explained  even  qualitatively  by  acoustic  erosion.  The  ex¬ 
planation  is  given  by  another  phenomenon  characteristic  of  very 
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high  amplitude  sound  waves.  High  amplitude  sound  waves  transport 
fluid.  This  transport  of  fluid  is  called  "acoustic  streaming."  Acoustic 
streamiAg  in  conjunction  with  the  general  flow  pattern  within  the 
rocket  motor  generates  vortices.  This  was  predicted  about  ten  years 
years  ago  by  Mrulcn  and  Moore  and  observed  recently  experiment' 
ally  by  Swithenbank  and  Sotter  at  the  University  of  Sheffield,  Eng- 
land.  These  vortices  cause  high  surface  velocities  across  the  propel¬ 
lant  in  localized  regions.  By  erosive  burning  the  propellant  is  scoured 
out  in  these  areas  This  additional  erosive  burning  adds  to  the  ex¬ 
cessive  burning  of  the  propellant. 

In  one  class  of  modes  still  another  factor  must  be  considered.  In 
the  previous  discussion,  v.e  implicitly  referred  to  the  so-called  stand 
ing  tangentials.  Another  common  and  very  important  mode  is  the 
traveling  tangential.  In  this  mode,  the  sound  wave  runs  around  and 
around  the  cylinder  in  one  direction.  The  first  traveling  tangential 
generates,  by  acoustic  streaming,  a  central  vortex  of  considerable 
strength.  We  not  only  get  excessive  erosion  due  to  this  vortex  but 
the  gas  is  rotating  rapidly  and  by  centrifugal  action  is  thrown  to  the 
wall  of  the  nozzle.  The  effective  throat  area  of  the  nozzle  is  thus 
decreased  so  that  the  discharge  rate  is  decreased.  Now  we  have  not 
only  an  increased  burning  late  but  also  a  lower  discharge  rate,  and 
the  two  combined  give  a  very  great  increase  in  operating  pressure. 
As  a  point  which  will  be  discussed  later,  it  should  also  be  mentioned 
that  this  traveling  tangential  wave  can  be  induced  by  introducing  a 
tangential  flow  of  gas  by  a  jet  at  the  periphery  of  the  motor. 

The  Sources  or  Acoustic  Energy 

We  have  now  discussed  how  high  amplitude  sound  waves  can 
bring  about  elevated  pressures  and  destruction  of  the  rocket  motor. 
We  have  not,  however,  explained  how  the  high  amplitude  sound 
waves  come  about  themselves.  To  understand  this,  we  must  go  back 
to  the  question  of  the  combustion  of  the  solid  propellant.  In  a  very 
thin  layer,  generally  under  100  microns  thick,  the  chemical  energy 
of  the  propellant  is  released  as  thermal  energy  contained  in  the  hot 
product  gases.  Within  this  thin  region,  (he  solid  propellant  is  heated 
to  a  point  at  which  it  evolves  partially  reacted  gases  from  its  surface. 
These  gases  arc  warmed  to  higher  temperatures  where  they  finally 
react  to  form  the  very  hot  product  gases.  The  thickness  of  this  whole 
zone  and  the  consequent  rate  of  reaction  arc  dependent  upon  pres- 
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sure.  The  question  then  arises  as  to  how  this  zone  responds  to  an 
oscillating  pressure.  If  the  zone  puffs  out  new  gas  in  phase  with  the 
pressure,  then  mechanical  work  will  be  delivered  into  the  cylinder 
of  gas.  The  result  is  that  this  interaction  with  the  burning  propel¬ 
lant  will  tend  to  amplify  the  sound  wave.  If  this  amplification  tend¬ 
ency  of  the  burning  surface  overcomes  the  losses  elsewhere  in  the 
system,  the  acoustic  wave  will,  in  fact,  grow  in  amplitude,  and  may 
reach  very  high  amplitudes  befote  second  order  effects  limit  further 
growth.  The  appropriate  characteristic  of  the  burning  surface  de¬ 
scribing  this  property  is  the  so  called  "response  function.”  This  is 
the  in  phase  component  of  the  fractional  mass  burning  rate  per  unit 
area  divided  by  the  fractional  pressure  oscillation.  No  complete 
theory  of  the  response  function  of  a  burning  propellant  exists.  This 
is  not  too  surprising  because  no  complete  theory  of  the  simpler  prob¬ 
lem  of  the  steady  state  burning  of  solid  propellants  exists.  However, 
a  theory  of  the  response  function  for  an  oversimplified  model  of  the 
burning  of  a  solid  propellant  has  been  worked  out  and  it  shows  that 
one  should  expect  amplification  of  sound  waves  over  a  very  broad 
frequency  band  extending  from  several  hundred  cycles  per  second  to 
two  or  three  tens  of  thousands  of  cycles  per  second.  Thus,  providing 
the  acoustic  losses  in  the  system  are  not  too  great,  one  may  expect 
the  building  up  of  acoustic  inodes  over  this  very  wide  frequency 
band,  and  this,  indeed  is  the  experience. 

In  recent  years,  experimental  measurements  of  response  functions 
have  become  possible  using  a  technique  called  the  T-burner.  In  this 
device,  which  may  be  described  as  a  pipe  closed  at  both  ends  with 
an  opening  in  the  middle  to  exhaust  gases,  propellant  may  be  burned 
at  one  or  both  ends  in  the  form  of  a  Hat  »!ab  covering  the  end  of 
the  pipe.  Measurement  of  the  logarithmic  growth  and  decay  of  oscil¬ 
lations  in  such  a  system  can  lead,  with  some  approximations,  to 
values  of  the  response  function  of  the  propellant  used.  This  tech¬ 
nique  has  been  highly  developed  by  Price  and  Horton  at  the  Naval 
Ordnance  lest  Station,  by  Ryan  and  Coates  at  the  University  of 
Utah  and  by  Watcrmeier  and  Strittmaier  at  the  Ballistic  Research 
Laboratories  at  Aberdeen.  A  somewhat  mote  versatile  extension  of 
the  technique  has  been  developed  by  Foner  at  the  Applied  Physics 
Laboratory.  In  a  general  sense,  the  measurements  tend  to  verify  the 
simple  theory.  The  results  show  the  broad  banded  nature  of  the 
frequency  response.  The  scaling  of  frequency  vs.  burning  rate  is  sim- 
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ilar  to  that  predicted  by  the  oversimplified  theory.  At  low  pressure* 
whcic  the  burning  rate  is  low,  or  with  propellants  with  burning  rate 
suppressants  to  slow  the  burning,  the  response  functions,  while  of 
the  right  order  of  magnitude,  tend  to  be  larger  than  one  would  ex¬ 
pect  from  the  simple  theory,  by  perhaps  a  factor  of  two.  Inclusion 
of  radiation  cffcrts-ihat  is  the  heating  of  the  propellant  surface  by 
means  of  black  body  ladiation  transmitted  from  the  hot  gases-in 
the  simple  theory  raises  the  predicted  values  for  slow  burning  pro¬ 
pellants.  This  offers  a  jnmiblc  explanation  fur  the  quantitative  dis¬ 
crepancy.  It  may  also  be  possible  that  tin.  gas  phase  chemical 
reactions  may  be  incomplete  under  these  circumstances,  and  some 
energy  may  be  coupled  from  that  source  into  the  acoustic  field.  How- 
ev  r,  it  must  be  said  that  while  the  simple  theory  of  the  response 
function  for  a  burning  propellant  gives  a  generally  correct  qualita¬ 
tive  description  of  the  situation,  the  question  of  a  complete  quanti¬ 
tative  description  is  open.  There  are  also  several  qualitative  phe¬ 
nomena  which  are  not  properly  explained  at  this  time.  Foner,  for 
example,  has  observed  a  rise  and  fall  in  the  amplitude  of  oscillations 
in  the  '1  -burner,  with  the  periodicity  of  about  one  second,  for  which 
no  satisfactory  explanation  has  been  offeied. 

Before  leaving  the  subject  of  response  function  and  T-burners, 
it  is  important  to  remark  that  this  technique  has  given  evidence  as 
to  the  mechanism  by  which  the  magic  elixir  of  solid  propellants, 
aluminum,  performs  its  stabilising  role.  One  of  the  explanations  of 
the  effectiveness  of  aluminum  in  preventing  acoustic  instability  was 
that  it  produced  finely  divided  aluminum  oxide  as  a  smoke  in  the 
gas  cavity.  Very  fine  amoke  particles  provide  efficient  damping  of 
high  frequency  acoustic  waves.  In  the  1 '-burner  it  has  been  ob¬ 
served  that  the  presence  of  aluminum,  at  least  in  some  particular 
propellants,  increases  the  damping  in  the  gas  phase  while  leaving 
the  response  function  of  the  burning  surface  unchanged.  This  then 
lends  direct  support  to  the  particle  damping  theory. 

In  discussing  the  response  function,  we  have  been  stressing  the 
interaction  between  the  oscillating  pressure  and  the  burning  rate  of 
the  propellant  as  a  source  of  amplification  of  the  sound  wave.  The 
question  naturally  arises  as  to  whether  the  acoustic  erosion  due  to 
the  gas  velocity  associated  with  the  sound  wave  might  not  also  con¬ 
tribute.  Earlier,  in  discussing  a  standing  tangential  wave,  we  pointed 
out  that  the  erosive  response  will  be  independent  of  the  direction  of 
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the  gas  velocity  across  the  surface.  Thus,  the  erosive  response  will 
be  |M)sitive  in  both  half  cycles.  1  he  pressure-volume  work  in  one 
half  < y<  le  will  Ik-  tonijn-nsaiecl  by  a  negative  pressure-volume  work 
in  the  next  half  cycle.  As  a  result  there  will  be  no  contribution  from 
this  erosive  rrsjsonse  to  the  fundamental  frequency  of  the  oscillation. 
Wc  should  obseive  a  change  in  mean  burning  rate  and  the  genera¬ 
tion  of  harmonics  but  no  amplification.  However,  suppose  there  is 
mean  flow  in  the  direction  of  the  oscillation,  as  would  be  true  for  an 
axial  mode,  lire  su|KM|x>sition  of  the  atoustic  velocity  upon  the 
mean  flow  will  result  in  a  fluctuation  of  the  velocity  across  the  sur¬ 
face  from  low  to  high  values,  rather  than  a  back  and  forth  flow.  In 
this  event  it  would  scent  |*ossible  that  the  erosion  could  contribute 
a  burning  rcs|>onsc  in  phase  with  pressure  and  thus  add  to  the  am¬ 
plification  of  the  sound  wav*.  Ho  vever,  if  one  looks  at  a  typical  case, 
for  example,  the  first  axial  of  a  cylinder,  one  finds  that  the  pressure 
oscillation  at  the  head  end  is  180°  out  of  phase  with  the  pressure 
oscillation  at  the  tail  end.  No  eorres|>onding  phase  shilt  exists  for 
the  velocity  component  ol  the  standing  wave.  Thus,  if  the  erosive 
response  in  the  head  end  is  of  an  amplifying  nature,  the  erosive 
response  in  the  tail  end  is  of  an  equal  damping  nature.  On  the 
grounds  of  syinmetiy,  iheicforc,  the  effec  t  cancels  out.  Of  touise,  the 
system  is  not  exactly  symmetrical  and  this  cancellation  is  not  exact, 
but  in  die  main,  for  low  amplitudes,  the  net  result  is  small. 

There  are  two  interesting  cases,  howe  ver,  where  this  symmetry  ar¬ 
gument  doc  -  not  hold.  1  he  lust  case  again  has  to  do  with  axial 
modes  The  steady  state  flow  velocity  In  a  rocke  t  increases  approxi¬ 
mately  iirv.v.fly  as  a  function  of  distance  from  the  head  end  as  moie 
and  more  gas  is  added  to  the  stream.  Now,  if  we  have  an  axial  mode 
of  high  enough  amplitude,  the  velocity  associated  with  the  acoustic 
wave  may  extend  the.  flow  velocity  in  magnitude  in  the  fi out  end  ol 
the  <avity,  but  not  exceed  it  in  the  rear.  Then  flow  reversible  will 
man  in  the  head  end  but  not  at  the  tail  end.  The  symmetry  we 
have  discussed  wdl  dm*  be  desticijed  and  an  erosive  contribution 
to  the  amplification  to  the  sound  field  may  l>o  possible.  One  can 
work  out  a  simple  theory  lot  t his  phenomenon  and  show  that  it  can 
lead  to  situations  where  waves  below*  a  critical  amplitude  will  Ik* 
daiujiecl,  whereas  waves  above  this  ciitic  al  amplitude  will  grow  until 
they  reach  another  and  higher  critical  amplitude.  This  icpresents 
a  lather  simple  hum  of  nonlinear  instability;  that  is.  the  system  will 
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bo  liable  to  small  perturbations  but  if  given  a  high  ciiougli  trigger- 
ing  impulse,  will  develop  a  wave  that  grows  to  high  amplitude.  .Such 
phenomena  are  indeed  observed  experimentally,  particularly  in  rock¬ 
et*  which  are  long  compared  »o  their  diameter  and  it  is  highly  likely 
that  this  featutc  of  nonlinear  erosion  plays  a  significant  pan  in  such 
eases. 

The  second  example  takes  us  back  to  the  ease  of  exciting  a  navel- 
mg  tangential  mode  by  a  jKiipheral  gas  jet.  Ilcie  we  ate  pioviding 
a  steady  state  How  aiountl  the  cylinder  so  that  again  we  have  a  mean 
flow'  in  the  direction  of  the  acoustic  oscillation,  which  we  saw  above 
was  a  irqtiireinrnt  for  coupling  by  means  of  acoustic.  eiosivity.  In 
this  case  the  symmetiy  piublein  does  not  occur,  fen  in  the  traveling 
wave  the  velot  it y  is  always  in  phase  with  the  picssuie  and  thus  there 
is  no  cancellation.  A  plausible  explanation  thus  is  given  for  the  ex 
citation  of  a  traveling  tangential  by  a  |>criphrral  gas  jet  Ii  should 
Iso  noted  that  the  tiaseling  wave  then  inducts  its  own  soiiex  flow, 
so  that  the  contribution  of  acoustic  rrosivity  to  the  instability  can 
be  maintained. 

Till  Bai  ano  or  t  ains  ami  Lovers 

l  he  question  of  acoustic  stability  in  a  rocket  inotoi  is  a  question 
of  the  balance  of  acoustic  gains  and  losses.  Acoustic  losses  may  occur 
by  tiansmissioii  of  sound  through  the  110//I0  01  thiongh  the  wall,  or 
by  loss  of  heal  u>  ex|K>sed  metal  stu  faces,  01  try  ahsoiption  of  sound 
in  the  gas  phase,  or  try  ahsoiption  of  sound  by  the  viscoelastic  mo¬ 
tion  of  flic  solid  propellant  itsc-li.  i  tic  acoustic  gains  may  aiise 
through  the  interaction  of  the  pressmens  velocity  coiiqsoneiu  of  the 
sound  field  with  the  burning  sin  lace,  the  exit  action  ol  energy  from 
unlnu net)  gas  in  the  chamlrer,  01  tlnough  the  uanstnissioii  of  sound 
from  the  outside  tlnough  the  caw  into  the  motor.  The  latter  appeau 
to  explain  some  instances  in  which  ntotois  stable  in  gtotiml  testing 
seem  to  go  into  unstable  Inn  mug  in  ceitain  aei.wly  Damn  regimes  of 
flight.  It  is  suggested  that  the  aeiodyiiamit  set  cedi  ol  die  missile  as 
it  Hies  tlnough  the  an  may.  at  ceitain  times,  coincide  in  f  1  <  c  |  Uc  lie  y 
with  a  fundamental  mode  ol  the  iuteiioi  ol  ihe  inotoi.  While  the 
system  would  01di11.11  ily  l>e  stable1,  it  may  have  a  seiy  high  {),  that 
is,  an  ability  to  stole  .1  huge  amount  of  acoustic  clingy.  In  this  case 
the  it ansmissioir  ol  vibrations  tlnough  the  walls  of  the  inotoi  to  the 
interior  at  the  apptopiiate  frequency  would  drive  the  system  inside 
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to  very  high  amplitude,  and  the  consequences  would  be  indistin¬ 
guishable  fiom  ordinary  instability. 

Our  ability  to  predict  the  various  gains  and  losses  with  high  pre¬ 
cision  is  limited  and  thus  while  a  qualitative  understanding  of  the 
phenomenon  exists  there  does  not  exist  quantitative  knowledge  suf¬ 
ficient  to  provide  the  engineer  with  detailed  design  criteria.  It  should 
also  be  noted  that  each  of  the  gains  and  losses  tends  to  scale  with 
dimensions  in  its  own  way.  Thus  the  criterion  for  stability  has  no 
simple  scaling  and  the  stability  of  a  scale  model  in  r.o  way  guaran¬ 
tees  the  stability  of  the  full  sue  system.  This  is  the  reason  why  in¬ 
stability  in  rocket  motors  has  been  such  an  expensive  development 
problem.  Since  insufficient  work  has  been  done  to  provide  the  staling 
factors  for  each  of  the  components  of  the  system,  instability  has  had 
to  be  faced  on  full  scale  and  cured  by  semi  empirical  means  at  that 
scale.  This  is  true  in  both  solid  and  liquid  systems. 

Liquid  Fuejed  Motors 

While  J  have  chosen  in  these  lectures  to  go  into  considerable  de¬ 
tail  with  respect  to  acoustic  instability  in  solid  rocket  motors,  for 
completeness  I  shall  close  with  a  few  remarks  about  the  situation  in 
liquid  motors.  A  great  deal  of  work  has  been  done  in  this  area. 
Among  the  many  working  in  this  field,  particular  mention  should 
be  made  of  Crocco  and  his  colleagues  at  Princeton,  who  have  pio¬ 
neered  for  many  years  in  this  work,  and  Levine  at  Rocketdyne  who 
has  done  much  wmk  on  practical  injection  systems. 

Much  of  the  general  discussion  given  above  on  acoustic  instability 
in  solid  rocket  motors  is  directly  applicable  to  the  phenomenon  in 
liquid  motors.  The  same  types  of  acoustic  modes  occur  and  with 
comparable  amplitudes.  Both  systems  show  excessive  vibration  when 
high  amplitude  waves  are  present.  In  the  liquid  case,  however,  the 
excessive  operating  pressures  normally  do  not  occur  because  the  fuel 
flow  is  controlled  by  the  injection  system,  so  that  a  change  in  a  mean 
fuel  rate  as  observed  in  the  solid  case  does  not  occur.  For  liquid 
motors,  the  most  disastrous  effect  is  the  excessive  heat  transfer  in 
the  presence  of  the  acoustic  field  and  its  associated  flows.  This  brings 
about  destruction  <»f  the  motor  by  burning  through  the  metal. 

Over  the  years  practical  experience  has  led  designers  to  empirical 
bases  for  designing  motors  that  are  generally  stable  in  the  linear 
domain,  that  is,  small  disturbances  are  damped  out.  The  common 
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instabilities  now  encountered  are  nonlinear,  that  is,  sufficiently  large 
perturbations  lead  to  growth  of  high  amplitude  waves. 

The  sensitive  region  in  the  liquid  fue!  motor  is  the  injection  zone. 
Here  we  have  streams  of  oxidizer  and  fuel  which  have  not  yet  been 
mixed.  They  thus  represent  a  supply  of  chemical  energy  to  be  tapped 
by  the  acoustic  field.  Motion  of  the  gas  across  the  face  of  the  injector 
plate,  if  sufficiently  violent,  can  cause  increased  atomization  of  the 
fuel  and  oxidizer  in  this  region  and  thereby  promote  extra  release 
of  energy.  At  ieast  part  of  this  telease  of  energy  may  be  so  phased  as 
to  drive  the  wave.  The  injector  zone  region  is  thus  peculiarly  sensi¬ 
tive  to  the  velocities  associated  with  transverse  waves.  Motion  pic¬ 
tures  taken  by  Levine  at  Rocketdyne  in  transparent  walled  motots 
clearly  show  the  dramatic  effects  of  transverse  waves  on  the  injection 
zone.  Baffles  to  protect  the  injection  zone  from  acoustic  fields  of  this 
kind  are  one  of  the  common  devices  used  to  correct  instability  in 
liquid  fuel  motors.  Changes  in  the  pattern  of  injection  also  often  re¬ 
lieves  the  difficulties.  The  approach  is  at  best  semi  empirical  and 
almost  always  time  consuming  and  expensive. 

As  with  the  solid  fuel,  it  might  be  reasonable  to  hope  that  injec¬ 
tors  could  be  described  in  terms  of  their  response  to  pressure  and 
velocity  oscillations  in  an  analytical  way.  Research  along  these  lines 
moves  very  slowly  but  provides  the  only  reasonable  hope  for  soundly 
based  design  principles. 
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X.  The  Stability  of  Nonlinear 
Dynamical  Systems 

Joseph  P.  La  Salle 
Historical  Introduction 

The  first  mathematical  analysis  of  the  design  of  feedback  control 
systems  is  of  rather  recent  origin  and  dates  back  to  the  middle  of  the 
nineteenth  century.  It  was  Maxwell*  (for  a  reprint  of  this  paper 
see8)  and  independently  the  Russian  engineer,  Vishnegradskii*  who 
first  realized  and  demonstrated  that  the  design  of  feedback  control 
mechanisms  could  be  subjected  to  mathematical  analysis.  Maxwell 
entitled  his  paper  "On  Governors”,  whereas  the  Russian  gave  his 
paper  the  imposing  title  "On  the  General  Theory  of  Regulators”. 

The  system  to  be  regulated  and  the  feedback  control  were  both 
assumed  to  be  linear.  Their  criterion  for  satisfactory  operation  and 
for  selecting  the  control  parameters  was  to  require  that  the  control 
error  approach  zero  with  increasing  time  (asymptotic  stability).  This 
linear  analysis  for  design  is  then  relatively  simple.  The  problem  is 
an  algebraic  one.  The  requirement  for  asymptotic  stability  is  that 
the  roots  of  a  certain  polynomial,  called  the  "characteristic  polyno¬ 
mial”,  all  have  negative  real  parts.  Maxwell  was  able  to  give  neces¬ 
sary  an<l  sufficient  conditions  that  the  roots  of  a  polynomial  of  degree 
3  have  negative  real  parts  and  was  also  able  to  give  necessary  condi¬ 
tions  for  polynomials  of  degree  5. 

Maxwell  then  posed  in  1868  the  problem  of  finding  necessary  and 
sufficient  conditions  for  polynomials  of  arbitrary  degree  that  their 
roots  have  negative  real  parts.  Computable  necessary  and  sufficient 
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conditions  were  given  by  Routh  in  1877  and  by  Hurwitz  in  1895.  In 
1911  Bompiani  showed  the  equivalence  of  the  conditions  by  Routh 
and  by  Hurwitz  and  they  arc  today  referred  to  as  the  Routh-Hurwitz 
conditions.  Within  the  l.\st  few  ycats  it  has  also  been  shown  that 
these  conditions  can  be  derived  using  Liapunov's  Second  Method. 

Through  World  War  II  the  mathematical  analysis  and  the  design 
of  feedback  control  systems  was  still  carried  out  by  an  examination 
of  the  stability  of  the  linear  approximation  plus  linear  feedback. 
This  was,  for  example,  the  way  in  which  Minorsky  designed  an  auto¬ 
matic  steering  device  for  the  battleship  New  Mexico  m  the  early 
1920’s.  More  sophisticated  analytic,  ^'gcbiaic  and  geometric  tools  be¬ 
came  available  and  some  consideration  was  given  to  performance  cri¬ 
teria,  bin  otherwise  the  analysis  was  essentially  the  same  as  that  of 
Maxwell  and  Vishnegradskii.  This  is  not  to  say  that  successful  con¬ 
trol  devices  were  not  designed  by  this  linur  analysis;  they  certainly 
were  and  still  are  being  so  designed  today.  An  excellent  account  of 
linear  stability  analysis  can  be  found  in  Bellman.4 

Progress  in  the  design  of  more  sophisticated  devices  depends  upon 
going  beyond  this  linear  theory.  One  method  for  doing  this  is  to 
take  into  account  the  nonlinearities  of  the  system;  that  it,  to  drop  the 
assumption  that  the  control  error  is  small,  allow  nonlinear  feedback 
and  then  to  cany  out  a  nonlinear  analysis  of  stability.  The  only 
general  method  that  we  have  for  doing  this  was  developed  by  the 
Russian  mathematician  Liapunov  around  1890.®  For  an  elementary 
account  of  Liapunov's  theory  sec  La  Salle  and  Lcfschetz.®  Starting 
around  1945  extensive  use  was  made  in  the  Soviet  Union  of  Liapu¬ 
nov’s  method  to  investigate  the  stability  of  nonlinear  systems  and  for 
over  a  decade  the  Soviet  Union  enjoyed  a  virtual  monopiy  in  exploit¬ 
ing  and  developing  Liapunov's  theory.  In  1944  the  Soviet  engineers, 
A.  I.  Lurie  and  V.  N.  Posnokoff,  formulated  the  problem  of  absolute 
stability  of  a  certain  class  of  nonlinear  control  systems  and  Lurie  gave 
a  partial  solution  to  this  problem.  The  nonlinear  feedback  is  not 
specified  but  belongs  to  a  wide  class  of  functions.  The  designer  has  at 
his  disposal  the  choice  of  certain  feedback  parameters  and  the  prob¬ 
lem  is  to  find  sufficient  conditions  on  these  parameters  in  order  that 
the  error,  no  matter  how  large  it  be,  tend  to  zero  with  time  for  any 
arbitrary  nonlinear  characteristic  in  the  admissible  class.  A  complete 
account  of  this,  called  absolute  stability,  can  be  found  in  the  mono- 
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graph  by  Lcfsthelz. 7  This  has  been  one  of  the  mutt  successful  impli¬ 
cation*  of  Liapunov's  theory. 

A  letter  written  by  Prof.  A.  1-etov  of  the  Soviet  Institute  for 
Automation  and  Remote  (iontrol  in  Moscow  und  published  in  Hege- 
lungstr< hntk,  12(1964)  had  this  to  say: 

"The  year  1915  stands  nut  quite  sharply  as  a  turning  point  in  the  de¬ 
velopment  of  control  theory.  The  control  problem  suddenly  became  the 
object  of  study  by  mathematicians.  As  a  basis  of  their  considerations  of 
this  problem  they  selected  the  concepts  of  disturbed  and  undisturbed 
motions  of  Liapunov  along  with  the  stronger  concept  of  the  stability 
ol  motion,  the  quality  of  the  transient  behavior,  the  concept  of  opti 
mat  control,  etc.  This  arose  fiont  a  need  to  have  an  unlimited  region 
of  controllability.  Liapunov's  concept  had  for  more  than  50  years  found 
no  application  ill  control  technology  But  now  it  is  charactei istic  oi 
the  present  state  ol  control  theory  that  all  of  its  problems-stability. 
quality  of  transient  behavior,  optimization,  programmed  control— are 
being  considered  on  the  basis  of  these  concepts.  Thrse  control  prob¬ 
lems  are  considered  nut  only  for  small  errors  in  control  but  alao  for 
finite  and  often  even  for  arbitrary  erron  in  control.  Their  anlutions 
draw  more  and  more  upon  the  powerful  mathematical  methods  ol 
linear  algebra,  the  theory  of  differential  equations  and  topology." 

A  second  and  more  recent  development  has  been  the  founding  of 
a  mathematical  theory  of  optimal  control.  There  is  a  system  to  be 
controlled  and  its  mathematical  model  is  a  system  of  differential 
equations.  Feedback  control  introduces  into  this  system  of  differen¬ 
tial  equations  a  function,  the  control  law,  which  with  some  limita¬ 
tions,  such  as  limited  power,  the  designer  can  select.  There  is  also 
given  so1  criterion  of  performance.  The  problem  is  then  to  deter¬ 
mine  w  it  control  law  gives  in  terms  of  the  criterion  the  best  per¬ 
formance.  The  modern  development  of  this  theory  began  with  a 
Princeton  Ph  D.  dissertation  in  1952  by  Donald  Rushaw*  He  took 
a  simple  problem,  solved  it,  and  this  began  a  modem  theory  of  op¬ 
timal  processes.  The  system  to  be  controlled  was  linear  with  one 
degTee  of  freedom.  The  control  force  which  could  be  applied  to  the 
system  was  assumed  to  operate  from  a  limited  source  of  power,  and 
it  was  also  assumed  that  the  best  control  would  at  all  times  use  all 
the  power  available  ("bang-bang"  control)  and  the  criterion  for  per¬ 
formance  was  to  reduce  the  control  error  to  zero  in  the  shortest 
possible  time.  Buihaw's  solution  of  this  restricted  problem  could  not 
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be  generalised,  but  it  was  hit  woik  that  bi ought  the  problem  to  the 
attention  of  mathematicians,  both  in  the  United  States  and  the  So 
viet  Union.  Foi  example,  in  the  Soviet  Union  the  -.voik  nf  Poitlry- 
again  and  his  colleagues  at  the  Stekluv  Mathematics  Institute  in 
Moscow  won  for  them  in  1962  the  I^enin  Prize  for  Science  and 
Technology. 

Shortly  after  the  importance  of  Liapunov's  theory  of  stability  and 
the  theory  of  optimal  control  were  recognized  the  two  began  to  coa¬ 
lesce.  Fur  example,  in  I960  Kalman  and  Bertram*  pointed  out  trial, 
for  a  linear  problem  of  optimal  conttol,  if  the  ]>ci formant c  tiileria 
arc  properly  selected,  optimal  control  will  imply  asymptotic  stability, 
and  asymptotic  stability  is  certainly  a  necessary  requirement  for  the 
satisfactory  fierfoi manic  of  a  control  system,  (kmveisely,  it  can  also 
be  shown  that  if  a  feedback  control  ran  be  designed  using  Liapunov's 
method,  then,  depending  upon  the  Liapunov  function  used,  a  cer¬ 
tain  performance  criterion  has  been  optimized.  An  account  of  this 
which  contains  numerous  references  can  be  found  in  Geiss.10 

I‘he  question  is  now,  whete  do  we  stand  today?  Where  do  we  go 
horn  here?  It  i;  cctuinly  true  that  thci*.  have  been  »unrufui  appli¬ 
cations  of  the  theory  and  it  may  |>erhaps  be  true  that  the  extent  ol 
the  applications  is  much  greater  than  we  think.  In  this  country  there 
is  security  and  also  the  proptietary  rights  of  industry.  The  situation 
with  regard  to  open  publication  is  undoubtedly  more  restricted  in 
the  Soviet  Union  than  here  and  the  time  delay  between  the  appli¬ 
cation  of  theory  in  the  Soviet  Union  and  our  awareness  of  it  is  any¬ 
where  from  five  to  ten  years. 

But  even  though  there  have  been  some  successes  we  arc  still  highly 
restricted  in  applying  this  theory  by  our  inability  to  develop  compu¬ 
tational  procedures  which  enable  us  to  utilize  the  capabilities  of 
present-day  computers  in  designing  control  systems.  The  Liapunov 
method  is  the  only  general  method  available  to  us  today  for  analyz¬ 
ing  stability  and  taking  into  account  the  nonlinearities  ot  the  system, 
yet  the  best  we  have  been  able  to  do  is  to  solve  a  fairly  large  number 
of  specialized  problems,  t  his  has  been  done  without  the  aid  of  com 
puters.  These  can  be  catalogued  and  they  are  useful,  but  it  is  like 
having  a  table  of  integrals  and  not  being  able  to  compute  numeri¬ 
cally  any  given  integral.  Despite  Soviet  claims  to  the  contrary,  we  do 
not  yet  know  how  to  use  computers  to  aid  us  in  applying  Liapunov's 
method.  There  are  a  number  of  reasons  why  it  is  difficult  to  do  to. 
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The  simplest  liability  problem  is  that  of  determining  whether  or  not 
a  certain  equilibrium  uate  is  stable  or  unstable.  When  everything 
about  the  system  is  known  a  lomputrr  could  be  used  to  compute  so¬ 
lutions  but  if  the  dimension  of  the  system  is  greater  than  two  or  if 
the  system  ij  time-varying,  it  would  be  almost  impossible  to  decide 
stability  by  computing  solutions  over  a  finite  interval  of  time.  An¬ 
other  way  of  saying  this  is  that  the  significant  stability  problems  re¬ 
quire  methods  that  are  nonnumerica)  and  the  nonnumerica)  use  of 
computers  is  not  yet  highly  developed.  However,  il  one  thinks  about 
this  more  realistically,  one  soon  realizes  that  mathematical  asymp^ 
totic  stability  is  somewhat  ditferent  from  what  the  engineer  actually 
wants.  Consider  for  example  a  control  process  that  acts  over  only  a 
finite  length  of  time.  Mathematical  asymptotic  stability  might  suffice 
to  assure  satisfactory  performance  but  it  is  asking  far  too  much. 
What  one  needs  is  not  necessarily  an  infinite  time  stability  but  rather 
stability  over  a  finite  interval  of  time  in  the  presence  of  perturba¬ 
tions  and  with  a  control  error  that  does  not  become  too  large.  A 
theory  of  f.mte  time  stability  which  is  q**i»e  similar  to  Liapunov's 
theory  it  now  in  the  process  of  heinsr  developed.  There  are  many 
reasons  for  believing  that  the  computational  difficulties  of  using  com 
puters  to  carry  >un  this  type  of  stability  .malysis  can  be  overcome. 

Also  when  we  spoke  about  the  relation  between  Liapunov's 
method  and  optimal  control  we  had  in  mind  control  procrases  acting 
over  an  infinite  interval  of  time.  Of  course,  all  controls  act  only  a 
finite  time,  and  there  are  problems  in  which  it  is  not  even  useful 
concrptionally  to  consider  that  the  system  acts  over  an  infinite  length 
of  time.  One  may,  for  example,  with  to  move  the  system  from  one 
state  to  another  in  a  finite  length  of  time  and  upon  reaching  the  de¬ 
sired  state  the  control  pioceu  comes  to  an  end.  There  is  in  this  re¬ 
gard  an  interesting  unsolved  theoretical  problem  which  does  have 
practical  consequence*.  Some  finite  time  optimal  control  problems 
can  be  solved  or,  whether  they  be  optimal  or  nor,  one  can  produce 
feedback  control  laws  which  will  move  the  system  from  one  state  to 
another  in  finite  time.  If  the  control  is  to  be  satisfactory  it  must  pos¬ 
sess  some  stability  under  perturbations  and  this  it  what  we  expect 
intuitively  of  feedback  control  As  yet  there  are  no  general  results 
which  state  when  such  finite  control  implies  finite  time  stability, 
which  in  turn  assures  stability  under  perturbations.  Simple  examples 
and  experience  show  that  many  types  of  finite  time  control  do  pos- 
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•cm  a  very  strong  stability  under  pci  turhations  but  as  yet  there  is  no 
general  theory. 

In  applying  optimal  control  theory  a  major  problem  here  is  also 
using  computers  to  determine  optimal  control  lu>>v  There  are  diffi¬ 
culties.  but  at  the  same  time  it  it  a  numerical  problem  and  a  major 
need  is  to  develop  theory  to  the  jxiint  at  which  computation  be 
comes  practical.  There  are  a  number  of  types  of  optimal  control 
problems  where  theory  has  provided  sufficient  structural  information 
about  optimal  control  that  it  has  been  possible  to  devise  numerical 
methods  for  computing  optimal  contiol  laws.  In  some  instance  this 
it  being  done  by  making  the  computer  an  integial  part  of  the  con- 
tiol  mechanism. 

As  a  mathematician,  I  am  not  actually  in  a  {tosition  either  to  judge 
or  predict  how  successful  present  theory  has  been  or  will  he  in  its 
application  to  the  design  of  control  systems.  There  is.  however,  one 
thing  that  is  quite  evident  today.  The  theory  that  I  have  spoken  of 
so  far  is  widely  known  to  engineers  thioughout  the  woild  and  if  the 
thcoiy  fails  in  ns  application,  it  will  not  be  beiause  it  has  not  been 
tried.  It  has  had  some  success.  It  has  certainly  stimulated  engineers 
and  undoubtedly  it  will  be  useful  in  the  futuic  Bur  in  usefulness  is 
Incit'd  ard  let  us  see  now  why  this  is  so,  ami  what  appeal  ai  [he 
moment  to  fie  some  of  the  interesting  theoretical  areas  of  irsearch 
where  progress  will  have  practical  effects, 

The  major  successes  of  the  Liapunov  method  have  been  in  study 
ing  the  stability  of  autonomous  systems;  that  is,  systems  whose  differ¬ 
ential  equations  do  not  change  with  time.  In  many  problems  in  the 
tUbiliiy  of  motion  the  differential  equations  arc  nor.autommnios 
(iin»e-varying).  Within  the  last  decade  Liapunov's  classical  theory 
hat  been  extended  for  autonomous  systems  and  from  this  we  have 
new  methods  which  are  easier  to  apply  and  which  give  more  infor¬ 
mation  than  classical  methods.  T  his  is  nut  true  for  nouautonomois 
systems.  It  is  fairly  clear  intuitively  why  the  study  of  p  stems  which 
change  with  time  are  more  difficult  to  study.  Let  me  try  to  explain 
briefly  why  this  is  to  mathematically.  Bounded  solutions  of  difleren 
tial  equations  approach,  as  time  goes  to  infinity,  a  set  called  its 
"limit"  set.  It  is  this  limit  set  that  tells  how  the  system  behaves  ulti¬ 
mately  For  autonomous  systems  this  limit  set  has  the  important 
property  that  it  is  nude  up  completely  of  solutions.  It  is  the  exploita¬ 
tion  of  this  fact  that  has  nude  is  possible  to  unify  and  extend  Lia- 
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punov's  theory,  For  nonautononious  systems  (hr  limit  set  don  not. 
in  general,  have  (hit  ptojieny  amt  for  systems  whiih  air  limr  varying 
lh-!  uinc  extension  of  Liapunov's  theoiy  u  nut  possible.  1  hii  ii  an 
important  arra  for  further  teseaich  ami  i»mr  recent  development* 
in  thr  solution  of  some  paititular  problems  iniliiatr  that  annr  piog- 
rru  is  mtainly  possible  in  thr  dim  lion  of  developing  both  new 
theory  and  new  method* 

I  he  discussion  so  far  hat  been  limited  to  systrnis  whose  matbr- 
matiral  model  n  a  system  of  ordinary  differential  equations.  Thii 
meani  that  (hr  stale  (or  phase)  spate  is  a  hnitr  dimensional  Ku 
clidean  spate,  If  one  knows  at  a  given  time  the  valors  of  thr  state 
variables,  which  ate  hnitr  in  number,  then  thr  futurr  behaviui  of 
the  system  is  tompletrly  determined.  This  is  as  in  tlavsital  median 
ics.  If  all  thr  forces  acting  are  known,  thr  motion  of  a  body  is  com¬ 
pletely  deteiniinrd  by  its  initial  position  and  initial  velocity.  It  has 
also  been  aunrird  so  far  in  sfteaking  of  controlling  or  stabilizing  a 
system,  that  is  it  possible  at  each  instant  of  time  to  measure  pre 
cisely  ali  of  the  ttatc  variables.  1  his  is  not  always  jxsssiblc  In  some 
cases  it  may  be  possible  to  measure  only  some  function  of  the  stale 
variables  and  an  important  cltiss  of  problems  are  those  which  lake 
this  fad  into  aitount  One  may  wish,  for  example,  to  grnrratr  a 
control  law  to  stabilize  a  system  which  is  oiiginally  unstable,  where 
the  control  law  will  depend  upon  the  information  available  at  ra«h 
time  conceinintr  thr  state  of  the  system  and  this  information  may 
not  be  complete.  T  his  it  a  general  area  about  which  there  is  not 
too  much  theory  It  can,  however,  be  shown  by  simple  example*  that 
there  are  rases  where  it  is  net  fxmible  to  stabilize  the  system  by  a 
control  law  which,  at  each  instant,  depends  upon  the  available  meas 
Urements  '<f  'h*-  va-dKU;  made  dial  instant  and  in  order  to 
stabilize  the  system  one  must  make  use  of  a  portion  of  thr  past  hi* 
tory  of  these  measurements  over  some  interval  of  time.  Now  the 
mathematical  model  is  not  longer  a  system  of  ordinary  differential 
equations  but  is  a  system  of  what  is  called  "functional  differential 
equations".  This  is  an  extension  of  and  includes  the  classical  differ¬ 
ence-differential  equations  (differential  equations  with  delayed  argu¬ 
ments).  The  importance  of  the  effects  of  delays  in  analyzing  dynami 
cal  systems  was  pointed  out  quite  clearly  by  Minotsky.1*  These  cqua 
turns  have  also  been  called  "hereditary"  differential  equations.  The 
state  of  such  systems  is  now  no  lunger  a  point  in  a  finite  dimensional 
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Kliilidran  spate  (that  i».  a  finite  set  of  itimibcis)  lint  ii  a  fuiution  and 
(fie  Hair  spate  is  ii. IV.  a  film  linn  spate  (an  infinitr  ilinicim.iiiaf 
Spate).  1  tin  fHiml  of  virw  seems  to  luvr  Ikui  oiIi.hIuiiiI  by  Kta 
sesikn  and  tiling  tins  | m >i lit  of  view  hr  extended  to  iumiioiul  differ 
rntial  equations  almost  all  of  (he  <  lasi.al  l.iaponov  theory.  12  How¬ 
ever.  (tom  the  jwjinl  of  view  of  appli.  alums,  Kiasovskn's  leiulli  aie 
not  vriy  useful  Now,  mute  recently,  llale  has  obtained  tesulti  which 
give  nieiltotls  that  ran  Ire  applied  ami  he  has  drmoiisltated  (hit  by 
numerous  examples  12  I  his  is  a  viy  challenging  held  lot  irsraith 
ami  a  ihiiiiIk  i  of  malhenulit  i.tns  thiniigh-mt  the  woiltl  ate  wuikmg 
un  developing  the  thrill  y  ol  fiilitllonal  diffeiential  espialions.  At 
the  moment  the  grneial  aim  of  the  leseawh  is  to  see  how  tiunh  ol 
out  knowledge  of  oidmaty  dilli  ii  utiai  equations  .an  he  extended. 
T  his  has  alii  ails  Iteeit  done,  a'  1  have  imlnatei).  lot  stability  theoiy. 
and  also  for  attain  ptnbleiiis  in  iioiiiincai  ow  illations  Betaiur  the 
state  spate  is  now  an  inhmie  dimrilsional  spate,  the  matheiiutui  is 
much  mote  sophi»(i( airtl,  but  pro|>eilv  stewed  it  looks  as  if  a  gieai 

ileal  of  I  fie  tlleoi  v  ..f  (Oil  III. Ill  dltf(  1 1  III  lal  ..  jli.il  ml  i .  tl.a  s  i  ai  I  V  ovi  I 
As  is  to  Ik  eX|K  t  letl,  new  phenomena  do  apjK  ai  aotl  ibis  is  one  of 
the  most  tint  testing;  a»|vetts  of  the  theoiy  I  hue  ate  ahead)  inlet 
riling  appln  at  tons  to  biology .  ii.iiiimno.  stsi  n  elasin  ily .  nut  It  ai  it 
aitoti,  ct.  It  would  appeal  dial  the  theoiy  of  unit  equations  will 
play  an  iin|N>r(aril  title  in  the  fnluie  in  the  study  ol  toniiol  and 
itahilily.  It  is  haul  to  imagine  a  system  vvhnli  will  lie  atlapltse  in 
some  meaningful  sense  unless  it  makes  i  a-  at  all  times  of  all  die  past 
iiifoi  mat  mu  that  is  available. 

I  his  is  still  a  iletei mitiistii  theoiy  and  as  sutli  is  not  enlurly  real 
is'.ie.  A  ii»u hi  is  nrver  know*)  |>erlettly.  I  heir  ate  always  errors  hi 
ihr  nirasuiemeiit  of  stale  vaiiablrs  and  thru-  aie  always  |ieilullia 
lions  (muse)  that  saiiuot  in-  |K-ifetlly  piediiteil  1  fits  dot  s  not  mean 
that  systems  designed  oil  the  basis  ol  a  iletei iniliisln  theoiy  will  not 
woik  piopeily  The  question  is.  and  (his  is  the  luiulamt  ntal  pioblem 
of  stmhailit  toiuml.  tan  we,  if  sialism  a)  information  is  available 
tom  tilling  t  lie  |ki  tin  bations,  make  use  cl  tins  to  impiovr  toniiol 
The  study  of  slotliastii  pi. Hisses  (si.hIijsIu  tliffeieuiial  equations)  is 
relatively  new  and  is  piimitise  compand  with  mil  knowledge  til  or 
tliiui  y  diffeiential  equations  SiiMhastii  toniiol  ilieoiy  is  still  m  its 
infamy  A  smvey  of  siinu-  leuiil  developments  was  given  by  Kusli 
ncr.'*  With  regard  to  what  lias  been  said  here  today  it  now  appeals 
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to  be  true  that  there  arc  stochastic  analogs  to  almost  ail  of  the  deter¬ 
ministic  applications  of  Liapunov  theory  to  the  design  of  eontiol  sys¬ 
tems.  Independently,  this  has  also  been  discovered  in  the  Soviet 
Union.  The  whole  area  of  stochastic  control  is  one  which  until  quite 
recently  has  been  neglected  in  this  country.  Future  progress  here  will 
depend  not  only  upon  attempts  to  apply  what  is  already  known  but, 
more  importantly  for  the  moment,  upon  the  development  of  a  more 
complete  mathematical  theory  of  stochastic  processes. 

With  regard  to  the  theory  of  stability  and  optimal  control  its 
status  appears  in  summary  to  be  this.  During  the  1950’s  there  was 
a  rapid  development  of  a  theory  of  optimal  control,  Liapunov’s 
theory  was  rediscovered  and  extended  and  the  importance  of  carry¬ 
ing  out  nonlinear  analyses  of  stability  was  widely  recognized.  During 
the  last  5-8  years  there  have  been  few,  if  any,  startling  new  ideas. 
Engineers  today  (and  this  was  not  true  10  years  ago)  have  a  general 
awareness  of  the  theory  that  exists  and  its  possible  applications,  and 
from  the  point  of  view  of  applications  the  biggest  hurdle  here  is 
learning  how  to  use  computers  to  apply  the  theory.  The  Liapunov 
theory  of  stability  for  autonomous  systems  has  been  unified  and  ex¬ 
tended  and  would  appear  to  be  fairly  complete.  Further  develop¬ 
ments  of  theory  for  nonautonomous  systems  seem  possible.  For  the 
study  of  the  stability  of  nonautonomous  linear  systems  new  methods 
have  been  found  but  there  are  no  new  ideas  in  sight  other  than 
those  generated  by  Liapunov’s  method  for  carrying  out  nonlinear 
stability  analyses.  Of  much  greater  promise  is  the  study  of  more 
"practical”  types  of  stability  and  here  the  use  of  computers  should 
be  much  less  difficult.  Two  relatively  new  and  promising  areas  of 
mathematical  research  in  which  some  progress  has  already  been 
made  are  the  theory  of  functional  differentia]  equations  and  the 
theory  of  stochastic  differential  equations.  Developments  here  could 
have  a  profound  effect  on  the  theory  of  control  systems  and  the  the¬ 
ory  of  systems  in  general.  From  the  point  of  view  of  the  mathet.ia- 
tician,  the  problem  of  adaptation  and  learning  has  not  yet  been 
satisfactorily  formulated  and  what  one  should  do  here  is,  like  Bu- 
shaw,  to  state  the  simplest  problem  precisely  and  attempt  to  solve  ir 

This  is  not  and  was  not  intended  to  be  an  all-inclusive  list  of 
areas  of  research  which  may  prove  to  be  important  in  the  design  of 
control  systems  and  is  primarily  restricted  to  the  role  of  stability 
theory  in  the  theory  of  control.  Important  areas  about  which  I  have 
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said  nothing  are  system  identification,  dynamic  programming,  the¬ 
ory  of  information,  nonlinear  filtering,  statistical  decision  theory, 
etc.,  all  of  which  are  areas  which  have,  and  probably  will  continue 
to  have,  nn  important  role  in  the  theory  of  control.  No  one  can  pre¬ 
dict  with  any  accuracy  where  the  next  breakthrough  will  come. 
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XI.  Tides  of  The  Planet  Earth 

Walter  H.  Munk 
Historic u.  Introduction 

Quite  good  predictions  of  ocean  tides  were  made  a  century  ago  by 
die  nonharmonic  method  initiated  by  Lubbock.  This  uses  multiple 
regressions,  such  as 

height  of  high  water  =  mean  height  above  datum 
-f  correction  for  age  of  Moon  -p  correction  for  declination  (1) 
-p  correction  for  parallax  -f-  diurnal  inequality  -p  . . . 

The  method  is  based  on  the  high  correlation  between  pertinent  tidal 
and  lunar  parameters,  a  correlation  that  was  known  and  used  long 
before  the  time  of  Newton. 

The  next  development  was  the  harmonic  method  by  Kelvin  and 
George  Darwin.  Tides  are  predicted  for  any  given  port  as  a  sum  of 
sinusoids: 

t(t)  =  S  C*  cos(2*  f*  t  -f-  0*).  (2) 

k 

The  frequencies  f*  are  derived  from  astronomic  observations  and  are 
essentially  sums  and  differences  of  the  six  basic  frequencies  in  the 
motions  of  Earth,  Moon,  and  Sun:  the  day,  month,  year,  8.9  years 
(lunar  perigee),  18.6  years  (lunar  nodes),  and  21,000  years  (solar 
perigee).  The  harmonic  method  has  two  shortcomings:  it  does  not 
allow  for  the  "noisy"  variations  in  sea  level  associated  with  atmos¬ 
pheric  pressure  and  winds,  and  it  does  not  allow  for  the  distortion 
of  the  tides  as  they  move  into  shallow  water.  The  latter  feature  can, 
to  some  extent,  be  taken  into  account  by  introducing  additional 
sums  and  differences  of  the  six  basic  frequencies,  but  there  was  a 
practical  limit  to  the  number  of  terms  in  Eq.  (2),  usually  between 
30  and  60. 

WALTER  H.  MUNK,  Professor  of  Geophysics  at  the  University  of  Cal¬ 
ifornia,  San  Diego,  and  director  of  the  La  Jolla  Laboratories  of  the  In¬ 
stitute  of  Geophysics  and  Planetary  Physics;  serving  on  a  President's 
Science  Advisory  Committee  panel  on  earthquake  prediction;  AFOSR 
grantee,  originator  of  the  Mohole  Project. 
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Sfectkoscopy  or  Tidej 

The  complexity  of  the  harmonic  method  is  in  a  tense  an  artifice 
arising  from  our  insistence  to  expand  the  tide-producing  potential 
as  a  strictly  harmonic  series.  With  modern  computing  machines  it 
is  much  easier  to  generate  the  tide-pi oducing  potential  hour-by¬ 
hour  directly  from  the  known  positions  of  Earth,  Moon,  and  Sun, 
and  pay  no  attention  to  the  fact  that  the  resulting  time  series  ap¬ 
pears  to  have  a  complicated  spectral  structure.  Call  this  artificial 
times  series  x(t),  and  the  observed  series  y(t).  The  spectra  of  x(t) 
shows  a  cluster  of  spectral  lines  centered  at  0,  1,  2  cycles  per  : 
within  each  cluster  there  is  first-order  splitting  by  1  cycle  per  month, 
and  each  of  ditje  lines  is  further  split  by  1  cycle  per  year,  etc.  For 
the  moment,  the  interesting  thing  is  that  between  these  measured 
clusters  the  energy  density  is  very  low,  down  by  a  million  or  more 
from  the  peak  of  the  cluster.  The  spectrum  of  the  observed  aeries 
y(t)  looks  very  similar  except  that  now  the  region  between  clusters 
is  filed  by  a  fairly  uniform  continuum.  This  continuum  represents 
the  irregular  oscillation  in  sea  level  arising  from  non-astromocic 
sources. 

Prediction  by  the  Response  Method 

The  most  elementary  way  in  describing  the  response  of  a  physical 
system  is  to  plot  output  energy  divided  by  input  energy  as  a  func¬ 
tion  of  frequency.  We  do  this  by  substracting  the  noise  contribu¬ 
tion  from  the  observed  spectral  lines  (thus  being  left  with  "coher¬ 
ent"  energy),  comparing  this  to  the  appropriate  input  energy.  The 
response  functions  w*(f)  wc  obtain  in  this  manner  are  reasonably 
smooth  functions  of  frequency,  with  no  sharp  resonances  apparent. 

This  suggests  a  different  method  of  prediction  than  the  classical 
harmonic  method.  We  use  past  port  observations  to  obtain  the  re¬ 
sponse  curves  w(f)  of  a  port,  and  then  obtain  future  predictions  by 
playing  the  theoretical  tide  input  x(t)  through  the  appropriate 
response  filter  (this  is  done  numerically,  using  computers): 

y(t)  =  Jx(t_Tk)g(T,)  (5) 

k 

with  g(T)  the  Fourier  transform  of  w(f). 

There  is  some  additional  complication  arising  from  the  fact  that 
there  is  a  multiplicity  of  input  functions  x,(t),  each  corresponding  to 


.#4 


IS6  SCIENCE  IN  THE  SIXTIES 

a  spherical-harmonic  of  the  tide  potential,  and  we  require  teparate 
response  filters  w,(f)  for  each  of  these  time-dependent  harmonics; 
but  this  does  not  cause  any  real  difficulty.  The  spherical-harmonic 
expansion  converges  rapidly,  and  just  a  few  terms  will  do.  The  im¬ 
portant  thing  is  that  there  is  no  time-harmonic  expansion,  as  the 
complexity  o'  'he  tide-potential  is  already  built  into  the  input  func¬ 
tions  x,(t).  1  advantage  of  the  response  method  over  the  har¬ 
monic  method  is  that  it  takes  full  account  of  Newton-Kepler  me¬ 
chanics,  while  the  harmonic  method  uses  astronomy  only  to  identify 
the  frequencies  fk.  There  are  additional  advantages  insofar  as  the 
response  method  can  be  systematically  generalised  to  include  the 
non-linear  shallow  water  effects.  It  may  even  be  possible  to  include 
the  response  to  storms. 

Nrw  Developments 

The  spectroscopy  and  prediction  just  described  has  been  made 
possible  by  the  development  of  modem  computers.  In  this  way 
hourly  timet  series  extending  over  50  years  and  comprising  some 
500,000  observations  can  be  readily  and  adequately  analyzed.  Com¬ 
puters  have  also  opened  the  possibility  for  solving  the  "theoretical 
tide  problem”:  to  compute  the  deep  sea  tides,  given  the  configura¬ 
tion  of  the  ocean  basins  and  the  positions  of  Moon  and  Sun.  This  is 
obviously  a  very  cumbersome  boundary  value  problem.  The  first  at¬ 
tempt  was  made  by  Pekeris  a  few  years  ago.  Definitive  results  are  not 
yet  available  but  will  be  before  the  decade  is  up. 

Another  new  development  is  the  instrumentation  for  measuring 
tides  in  the  deep  tea,  now  being  carried  out  in  France  and  at  La 
Jolla.  All  we  do  now  is  to  measure  tides  at  given  ports.  This  is 
where  one  needs  the  observation  for  predictions  at  this  port,  but  it 
is  the  worst  place  for  the  theoretical  tide  problem.  Here  one  would 
like  to  cover  the  oceans  with  some  observational  grid,  1,000  km  X 
1,000  km  X  one  month,  say,  and  thus  determine  the  "cotidal”  lines. 
A  companion  with  the  theoretical  deep  sea  tides  will  be  most  il¬ 
luminating. 

The  average  tidal  bulge  must  lag  somewhat  behind  the  theoretical 
bulge  as  the  result  of  dissipative  processes,  mostly  in  marginal  seas. 
One  can  then  compute  the  derelerating  torque  affecting  the  spin  of 
the  Earth,  and  the  accelerating  torque  on  the  Moon’s  orbital  mo¬ 
tion.  Comparison  with  astronomic  observations  will  show  whether 
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the  ocean  tides  are  responsible  for  die  measured  changes  in  the 
Moon’s  angular  velocity,  or  whether  the  bodily  tides  of  the  Earth 
play  an  important  additional  role.  In  the  former  case  one  cannot 
extrapolate  the  present  rate  over  more  than  a  million  years  because 
of  the  effect  of  changing  sea  level,  In  the  latter  case  one  can  extrapo¬ 
late  much  further.  Studies  by  Wells  of  Devonian  coral  indicate  that 
the  present  rate  can  be  extrapolated  400  million  years,  and  this  it 
surprising  in  view  of  the  fact  that  we  believe  most  of  the  tidal  dis¬ 
sipation  takes  place  in  the  shallow  oceans. 

The  Changing  Face  of  the  Earth's  Surface 

If  we  could  view  the  surface  of  the  Earth  through  time-lapsed 
photographs  at  intervals  of  one  century,  we  would  be  impressed  with 
the  variability  of  surface  features.  Mountains  rise,  valleys  broaden, 
and  perhaps  continents  shift  apart,  with  typical  velocities  of  1  cm/ 
year.  Modem  gravimeters  and  associated  instrumentation  which 
were  developed  to  measure  the  tides  of  the  solid  Earth  will  soon  be 
good  enough  to  record  changes  even  slower  than  those  of  the  tides. 
It  is  herr  where  ultra-low-frequency  seismology  turns  into  ultra¬ 
high-frequency  geology.  This  fascinating  subject  is  just  now  being 
made  accessible.  Studying  dynamic  geology  by  the  present  indirect 
methods  is  like  studying  ocean  currents  without  current  meters  and 
the  atmosphere  without  anemometers.  Even  with  current  meters  and 
anemometers  available,  we  haven’t  done  too  well  in  describing  and 
understanding  the  moving  oceans  and  atmosphere;  without  such  in¬ 
strumentation  we  would  have  done  very  poorly  indeed,  and  this  is 
precisely  where  geology  now  finds  itself  in  its  attempt  to  describe 
and  explain  the  changing  Earth  from  indirect  evidence  only. 

Conclusions  and  Summarv 

The  developments  of  new  technologies  and  i  astrumentations  have 
given  us  new  opportunities  to  study  the  tidal  distortion  of  the  plan¬ 
et  Earth,  and  this  promises  to  bring  back  to  life  a  subject  which  has 
been  dormant  for  half  a  century.  It  appears  as  if  the  instrumenta¬ 
tion  developed  for  this  purpose  will  be  able  to  cope  also  with  the 
distortions  of  the  Earth  on  a  geological  time  scale. 


IM 


XII.  High  Field  Magnets  and 
Magnctcspcctroscopy 

Benjamin  Lax 
I  HIGH  FIELD  MAGNETS 

Scientific  investigation  with  magnetic  fields  on  a  quantitative  basis 
had  its  origin  during  the  nineteenth  century.  Among  the  outstanding 
pioneers,  the  contributions  of  Faraday,  Zeeman  and  Weiss  are  par¬ 
ticularly  pertinent  to  the  subject  mattt  of  this  discourse.  The  dis¬ 
coveries  of  these  physicists  gave  an  imp  <  us  to  the  early  development 
of  electromagnets  of  increasing  intens.iy  whirh  v.  that  time  repre¬ 
sented  a  milestone  in  the  history  of  high  field  magnets.  The  famous 
Weiss  electromagnet  with  its  iron  yoke  and  pole  pieces  energized  by 
twin  coils  still  remains  the  basic  design  for  the  modern  commercial 
electromagnets  available  today.  The  highest  fields  achieved  by  such  a 
design  is  that  of  the  large  Cotton  magnet  at  Bellevue,  France,  built 
in  1912,  capable  of  producing  a  field  of  the  order  of  60  kilogauss  be¬ 
tween  pole  faces  approximately  5  millimeters  apart  when  energized 
by  coils  at  100  kilowatts.  This  magnet  is  matched  only  by  a  similar 
one  at  Uppsala,  Sweden. 

The  next  advance  in  high  field  development  also  took  place  in 
France  in  1914  when  Delandres  and  Perot1  constructed  a  large  water- 
cooled  "jelly  roll"  solenoid  able  to  product  70  kilogauss  for  a  short 
period  when  energized  from  a  500  kilowatt  generator.  The  outbreak 
of  World  War  II  prevented  the  continuation  of  this  effort  beyond  its 
initial  phase.  Nevertheless,  it  laid  the  foundation  for  subsequent  de¬ 
velopments  of  water-cooled  coils. 

BENJAMIN  LAX,  Director,  National  Magnet  Laboratory,  operated  for 
AFOSR  by  the  Massachusetts  Institute  of  Technology.  This  laboratory  it 
the  world's  foremott  facility  for  the  itudy  of  matter  under  the  influence 
of  intense  magnetic  fields.  Its  210/XX)  gauss  derice  produces  the  most  in¬ 
tense  continuous  magnet  fields  attainable.  Dr.  !jsx  is  a  prolific  researcher 
in  solid  state  physics  and  a  former  associate  director  of  the  Lincoln 
Laboratory. 
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The  advent  of  high  field  magnets  a:  wr  know  them  today  took 
place  in  Cambridge,  England,  in  the  1920’*  when  the  famous  Russian 
physicist  Peter  Kapilta  devised  two  ingenious  si  hemes  for  generating 
pulsed  field*,1  The  first  technique  involved  the  discharge  of  batteries 
bv  a  mechanical  switch  through  a  wire-wound  solenoid  to  pindur* 
500  kilogauss  foi  a  few  milliscronds  in  a  very  small  volume,  and  the 
second  by  shorting  a  large  generator  into  a  somewhat  larger  coil  to 
produce  ovet  300  kilogauss.  He  used  these  magnets  for  low  tempera¬ 
ture  magnetorcsistance  measurements  anti  for  Faraday  rotation  ob¬ 
servations. 

The  next  important  development  was  due  to  Francis  Ritter3  at  the 
Massachusetts  Institute  of  Technology.  He  designed  and  built  a 
water-cooled  magnet  capable  of  producing  tiJO  kih'gauss  continu¬ 
ously  in  an  internal  diameter  of  one  inch  using  a  generator  which 
delivered  1.7  megawatts.  The  magnet  was  intended  primarily  for  the 
study  of  atomic  Zeeman  spectroscopy.  The  basic  design  consists  of 
radially  cut  topper  plates  interspersed  with  insulating  discs,  both  of 
which  are  assembled  to  genoialc  an  unci  twined  double  helix  of  over¬ 
lapping  plates,  as  shown  in  Fig.  1.  These  are  housed  under  compres¬ 
sion  in  a  metal  jacket  so  that  the  watci  flows  axially  through 


PRINCIPLE  OF  THE  BITTER  SOLENOID 

Fteuae  I.  Configuration  of  the  conducting  and  insulating  dm  of  the  Bit¬ 
ter  coil  arranged  in  an  intertwined  helical  pattern. 
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p«rforationi  in  the  diic,  Thu  baiic  design  was  duplicated  at  the 
Naval  Retearch  Laboratory  in  1947,  and  elsewhere  throughout  the 
world  line*. 

The  post- World  War  II  period,  beginning  in  the  1950'*,  witneued 
a  renaissance  in  the  development  of  high  field  magnet*  and  their 
application  to  icientific  research.  Six  different  techniques  have  been 
explored,  namely,  iron  core  magnet*,  pulse  systems,  cryogenic  mag- 
nr.»,  w*n  --moled  <x*ils,  superconducting  magnet*,  and  implosion  sys¬ 
tem*.  The  iron  core  magnets  have  become  a  commercial  item  for  a 
large  variety  ol  retonance  experiments  with  maximum  held*  of  the 
order  of  50  kilogausa  between  tapered  pole  pieces  with  about  one- 
quarter  inch  spacing.  However,  for  larger  useful  volumes  and  uni¬ 
form  fields,  the  intensity  is  limited  to  about  20  kilogauss. 

A  Pulsed  Magnets 

One  of  the  most  important  steps  taken  to  advance  high  field  mag¬ 
net  technology  occurred  in  1956  in  the  area  of  pulse  magnets.  Furth 
and  Waniek4  at  Harvard  constructed  a  nitrogen  cooled  pulsed  mag¬ 
net  using  a  Bitter  disc  arrangement  which  ultimately  reached  tiOO 
kilogauss.  This  was  exceeded  by  Foner  and  Kolm*  who  achieved  750 
kilogauss  in  a  room  temperature  helical  coil  made  of  a  single  piece 
of  be, yllium  copper  (Fig.  2),  powered  by  a  9,000  joule  condenser 
bank.  The  highest  field  obtained  by  a  large  condenser  pulse  system 


Ficus*  2.  A  sketch  ot  the  component  parts  ot  the  copper  berrylium  pulse 
magnet  designed  by  Foner  and  Kolm  for  producing  fields  between  K>0  and 
750,000  gauss.  (After  Foner  and  Kolm,  ref.  5). 
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wai  that  by  Furth,  Waniek,  and  Levine,*  who  generated  about  1.5 
megagausa  in  a  tingle  turn  roil.  Today  there  arc  many  pulte  roil* 
of  different  dimemiotit  and  detigm  which  produte  field*  of  the  order 
of  100  to  500  kilogtuti  for  experimental  ute  in  working  volume*  up 
to  one-inch  diameter  and  lime  duration  of  microtecondt  to  teveral 
millisecond*.  However,  the  large*!  held*  available  today  aie  thote 
generated  by  implosion  technique*. 1  Thi*  involve*  the  concept  of 
flux  compreition  through  a  phytical  magnetohydrodvna;,.ir  phenom 
enon  in  whten  the  magnetic  held  i*  hnt  generated  by  a  pulsed  *ole 
noid  in  a  metallic  cylindrical  liner.  Thi*  i*  then  collapted  by  a 
chemical  cxplotive  which  implode*  the  cylinder  and  rompirue*  the 
magnetic  flux  from  about  200  kilogain*  to  approximately  ten  to 
fifteen  million  gauti.  The  pre»aure  necessary  to  contain  thi*  field  i* 
about  I0T  atmosphere*.  Tlu  field  it  measured  during  a  ten  nticro- 
tecond  interval  by  a  magnetic  pickup  coil  or  by  Faraday  rotation  in 
a  quart!  rod  before  they  are  detiroyed  by  the  implunon.  It  it  etti- 
tne'ed  that  approximately  100  megagauu  should  be  postible  by  thi* 
method  of  generating  high  field*. 

B.  WATta-cooLto  Magnets 

For  about  twenty  five  yean  no  lignificam  advancement  wa*  made 
in  the  generation  of  high  field*  by  water-cooled  magnet*  beyond  that 
attained  by  Bitter  in  1930.  A  group  ol  solid  state  phyiiciit*  from  the 
MIT  Lincoln  Laboratory  joined  force*  with  Bitter  in  1958  and  pro¬ 
posed  the  creation  of  a  quaiter  million  gauss  facility.  This  wa*  soon 
championed  by  a  farsighted  group  in  the  Air  Force  who,  with  an 
assist  from  the  Department  of  Defense,  agreed  to  sponsor  the  de*ign 
and  construction  of  such  a  laboratory  In  I960  s  contract  was  drawn 
up  with  the  Air  Force  to  begin  thi*  project  for  a  high  field  facility. 
Soon  afterward*,  under  the  »pon*orship  of  the  Air  Force  Office  of 
Scientific  Research,  simultaneously  with  the  design  of  a  new  labora¬ 
tory,  a  program  of  research  and  development  began  at  the  old  MIT 
laboratory.  Improved  Bitter  magnets  were  developed  and  innova¬ 
tions  in  the  control  system  and  cooling  were  incorporated.  This  lab¬ 
oratory  became  a  test  bed  fur  many  new  developments  which  have 
been  incorporated  into  the  new  laboratory.  One  of  the  highlights 
was  the  development  of  a  126  kilogauss  upe  wound  magnet  by  Kolm 
in  1961  with  only  1.9  megawatts.  This  was  exceeded  in  1962  by  the 
Naval  Research  Laboratory  in  a  Bitter  magnet  at  a  S  megawatt 
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power  levrl  which  yielded  150  kilogauss  in  a  one  inch  bore.*  Orn 
struction  ol  the  new  National  Magnet  Laboiatory,  begun  in  I9<*l. 
was  completed  in  the  spring  of  l%3,  Alter  a  shakedown  ten  [wriocl 
and  sttlrsecjuuit  imptovctnentt,  the  laboiatoty  began  as  an  operating 
facility  in  the  fall  ol  that  year. 

The  National  Magnet  Laboiatory,*  which  it  located  within  the 
MIT  campus  complex  in  (Cambridge,  is  linked  to  the  (Iharlrs  River 
basin  by  two  48  inch  concrete  pij»c  lines  for  providing  primal  y  cool 
ing  water  lor  the  magnets.  The  secondary  system  contains  deionired, 
distill' d  water  which  is  pumped  thtough  copjser  pijres  and  a  large 
heat  exchanger.  The  power  lot  the  magnets  is  provided  by  two  sets 
of  motur  generators  v/hiili  aie  tapable  of  delivering  ten  million  watts 
of  250  volt  power  continuously  to  the  magnets.  In  addition,  the  syi- 
icni  has  a  pulse  capability  of  32  megawatts  for  a  few  seconds  by 
using  energy  stored  in  two  ninety-ton  flywheels.  The  four  generators 
can  be  connected  ftom  tlic  control  room  in  serirs-|tarallei  combina¬ 
tions  to  any  of  ten  magnet  stations.  Four  independent  experiments 
at  onc-cjuartcr  power,  or  two  at  one-half  power  and  one  at  full  power 
can  be  ujseralcJ  at  any  given  time.  There  are  some  twenty  magnets 
ranging  from  70  to  200  kilogauv*  wltnh  can  accommodate  about  two 
dozen  experiments  j>er  week. 

Two  basic  designs  of  water-cooled  magnets  ate  employed  at  the 
laboratory.1"  The  hist  of  these  it  the  modified  Bitter  axially  cooled 
magnet  shown  in  Fig.  3.  One  such  magnet,  consisting  of  tv. u  nested 
sets  of  plates,  one  with  a  tout  inch  internal  diameter,  the  other  with 
a  one-inch  internal  diameter,  is  capable  of  producing  180  kilugauss 
with  two  generators  at  a  power  Irvcl  of  five  megawatts.  1  he  olhet 
design  is  an  innovation  in  which  the  copper  discs  have  radial  cooling 
■iocs  and,  again,  are  wound  in  helices  similar  to  the  Muter  solenoids. 
The  insulating  helix  is  made  of  stainless  steel  discs  (coated  with  in 
sulation)  for  greater  strength,  as  shown  in  Fig.  4.  One  version  of  this 
type  of  magnet  composed  of  three  nested  coils  with  an  overall  dimen¬ 
sion  of  about  three  feet  and  the  internal  diameter  of  two  inches,  has 
provided  205  kilogauss  at  full  power  of  10  megawatts.  With  iron  |>ole 
pieces  inserted,  it  has  achieved  the  record  continuous  held  of  255 
kilogauss.  Another  important  feature  of  this  basic  design  is  that  it  has 
allowed  for  a  flexible  configuration  of  a  split  pair  of  coils  whose  spac¬ 
ing  is  variable,  These  magnets  are  exceedingly  useful  for  optical 
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storage  tank  and  a  low  voltage  high  current  source  of  power  of  the 
order  of  5  to  10  volts.  Homopolar  generators  have  provided  power 
for  the  magnets.  At  Los  Alamos  a  maximum  field  of  about  80  kilo- 
gauss  at  12,000  amperes  and  25  kilowatts  has  been  achieved  with  a 
"jelly  roll”  cop  jer  coil.  Each  run  requires  about  3,000  to  5,000  liters 
of  liquid  hydrogen  and  allows  for  twenty  minute  operation  per  run. 
Aluminum  has  also  been  used  by  the  group  at  the  Bureau  of  Stan¬ 
dards  since  its  magnetoresistance  at  high  fields  is  less  than  that  of 
copper.  However,  the  magnet  is  comparable  in  performance  to  the 
copper  system.  The  most  elaborate  scheme  for  a  cryogenic  magnet 
is  that  at  the  NASA  Lewis  Research  Center14  which  also  employs 
aluminum,  but  at  liquid  neon  temperatures  of  about  27°K.  Al- 
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RADIALLY  COOLED  SOLENOID  (INNER 
COIL  SECTION  OF  250 KG  MAGNET) 


Figure  4.  Basir  design  and  concept  of  the  radial  cooled  magnets.  These 
ate  employed  in  a  concentrically  nested  arrangement  in  the  250.000  gauss 
magnet  and  pain  for  transverse  access  optical  magnets.  (After  Montgomery, 
ref.  21). 
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though  this  has  some  thermodynamic  advantages  over  hydrogen,  it 
is  very  expensive.  Nevertheless,  a  large  volume  coil  of  approximately 
\yt  inch  internal  diameter  was  operated  at  a  200  kiiogauss  level  for 
one  minute.  The  re-liquifaction  time  of  the  neon  system  limits  the 
duty  cycle  to  about  one  minute  in  every  twenty-four  hours.  The 
power  supply  is  a  one  megawatt  homopolar  generator. 

In  the  low  temperature  field  perhaps  the  most  important  develop¬ 
ment  has  been  that  of  the  superconducting  magnets.  The  possibility 
of  such  a  device  was  conceived  in  1913  by  Kamcrlingh  Onncs,  the  dis¬ 
coverer  of  superconductivity  16  However,  although  a  few  isolated 
attempts  were  made  in  the  interim,  very  little  was  done  until  1960 
when  serious  work  at  Lincoln  Laboratory  was  carried  out  to  provide 
niobium  coils  of  10  kiiogauss  and  small  iron  core  magnets  with  nio¬ 
bium  w'indings  giving  up  to  25  kiiogauss  for  maser  applications.19 
In  1961  at  the  Bell  Telephone  Laboratories,  Kunslcr  and  co-work¬ 
ers17  demonstrated  that  niobium  tin  was  superconducting  at  about 
90  kiiogauss.  Subsequent  pulse  measurements  indicated  an  upper 
limit  near  200  kdogauss.  This  materia!  was  soon  followed  by  nio¬ 
bium  zirconium  and  more  recently  by  niobium  titanium.  The  latter 
two  have  been  commercially  used  to  develop  magnets  of  the  order  of 
about  60  kiiogauss  in  niobium  zirconium  for  operation  in  a  one  inch 
diameter  and  80  kiiogauss  in  niobium  titanium  in  a  comparable 
volume.  These  coils  are  built  in  nested  concentric  sections.  Perhaps 
the  most  significant  achievement  in  terms  of  high  fields  with  super¬ 
conducting  magnets  has  been  that  with  niobium  tin  in  which  fields 
of  the  order  of  130  kiiogauss  in  a  one-inch  diameter  have  been 
achieved  by  General  Electric.18  In  larger  volumes  of  the  order  of 
about  six  inches  diameter,  fields  of  the  order  of  60  kiiogauss  have 
been  attained  at  Argonne13  with  the  use  of  copper  inserts  to  over¬ 
come  flux  trappings  and  heating  effects  which  ordinarily  limit  the 
use  of  superconducting  magnets. 

D.  Present  Status  and  I  uture  Possibilities 

At  the  present  time  the  status  of  magnets  may  be  summarized  by 
the  two  charts  shown  in  Figs.  5  and  6.  The  first  of  these20  indicates 
that  for  water-cooled  magnets  in  a  working  volume  of  about  two 
inches,  which  appears  to  be  the  standard  today,  the  water-cooled 
magnets  provide  fields  of  200  kiiogauss,  the  cryogenic  magnets  half 
that  field,  and  the  superconducting  magnets  somewhat  less.  If  we 
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take  into  account  both  the  size  of  the  field  and  the  intensity,  the 
second  chart  of  Fig.  6**  shows  that  iron  core  magnets  are  useful  up 
to  about  20  kilogauss  at  these  and  larger  volumes,  that  superconduct¬ 
ing  magnets  should  ultimately  be  capable  of  providing  fields  at  these 
and  larger  volumes  in  the  future,  up  to  perhaps  100  kilogauss.  For 
very  high  fields  only  the  pulse  systems  art  possible  and  these  will 
ultimately  provide  fields  of  the  order  of  1  million  gauss  in  small 
volumes.  As  far  as  the  future  goes,  it  appears  that  for  practical  ex¬ 
perimental  purposes  in  terms  of  effectiveness,  the  water-cooled  mag¬ 
nets,  the  superconducting  magnets,  and  the  pulse  magnets  will  play 
imjjortant  roles  in  the  order  mentioned.  With  our  present  knowledge 
of  materials  and  engineering  know  how,  the  water-cooled  magnets 
ap|>ear  most  promising  for  high  continuous  fields  and  also  for  inter¬ 
mittent  repetitive  pulse  operation.  For  the  former  it  is  estimated 
that  fields  of  the  order  of  500  kilogauss  arc  conceivable  in  comfort¬ 
able  working  volumes  at  a  power  level  somwhere  between  100  and 
200  megawatts.  Intermittent  repetitive  pulse  fields  of  this  order  are 
also  possible  at  existing  power  levels,  and  it  is  expected  that  such 
magnets  capable  of  achieving  300  kilogauss  or  more  will  be  devel¬ 
oped  at  NML  in  the  near  future. 
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Figure  5.  Present  capabilities  of  different  magnets  in  a  two-inch  working 
volume.  (After  Hulm,  ref.  20). 
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Insofar  a*  superconducting  magnets  are  concerned,  present  limita¬ 
tions  indicate  about  170  kilogauss  with  niobium  tin.  It  is  expected 
that  these  will  be  used  as  inserts  in  water-cooled  magnets  for  certain 
experimental  arrangements  which  will  enable  a  greater  efficiency 
of  the  power  plant  at  NML,  thus  providing  magnets  of  this  field 
level  on  a  single  2.5  megawatt  generator.  Ultimately,  it  is  hoped  that 
large  volume  superconducting  magnets  providing  50  to  100  kilogauss 
will  be  engineered  to  enclose  water-cooled  magnets  and  thereby  boost 
the  maximum  field  by  this  magnitude.  This  combination  is  optimum 
since  it  appears  that  only  water-cooled  magnets  using  beryllium- 
copper  or  chromium  copper  will  stand  up  at  fields  in  excess  of  one- 
quarter  million  gauss.  Superconducting  magnets  in  large  volumes, 
oi  course,  will  ultimately  be  constructed  and  will  play  an  increas¬ 
ingly  important  role  in  the  operation  of  cloud  chambers  and  mag¬ 
netohydrodynamic  generators.  New  configurations,  including  Helm- 
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Figure  6.  Chart  of  field  intensities  versus  sire  for  different  magnet  systems.  (Af¬ 
ter  Montgomery.  ref.  21). 
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holtz  pain,  radial  access  magnet*,  and  air  core  -olcnoids,  using 
superconducting  coils,  will  become  available.  Will,  the  appropriate 
refrigerating  systems,  undoubtedly  these  will  be  somewhat  expensive. 

II  MAGNETOSPECTROSCOPY 

Research  with  high  magnetic  fields  at  the  National  Magnet  Lab¬ 
oratory  is  expected  over  the  next  decade  to  cover  a  broad  area  of 
science,  not  only  by  the  scientists  in  residence,  but  also  by  a  large 
group  of  visitors.  ?  hese  areas  naturally  include  the  magnet  research 
and  development  which  was  discussed  in  Section  1;  solid  state  phys¬ 
ics,  which  will  be  treated  in  detail;  and  related  low  temperature 
physics,  which  is  juit  beginning.  Atomic  and  molecular  spectroscopy, 
although  one  of  the  oldest  areas  to  utilize  high  magnetic  fields,  will 
undoubtedly  be  revived,  particularly  in  connection  with  laser  re¬ 
search  in  gases.  Plasma  physics,  both  in  solid  state  and  gaseous 
plasmas,  has  traditionally  been  closely  associated  with  magnetic 
fields.  However,  as  yet  only  modest  efforts  with  high  intensity  fields 
have  been  attempted.  Resonance  phenomena  of  electrons  and  ions, 
plasma  waves,  diffusion  effects,  etc.,  will  be  investigated  above  100 
kilogauss  in  the  future  with  greater  precision  and  resolution.  High 
magnetic  fields  can  be  used  very  advantageously  in  nuclear  physics 
for  nuclear  resonance,  the  Mossbauer  effect,  and  gamma  ray  correla¬ 
tion  experiments  to  study  nuclear  levels  and  spin  values  in  the 
ground  and  excited  states  with  greater  sensitivity  and  precision.  In 
addition,  cloud  chambers  and  bubble  chambers  will  require  these 
fields  in  large  volumes  for  more  effective  exploration  of  nuclear  and 
high  energy  phenomena.  Finally,  in  such  fields  as  biomagnetics,  mag¬ 
netochemistry  and  metallurgy,  it  is  expected  that  visitors  will  con¬ 
tinue  to  use  the  facilities  of  NML  with  increasing  frequency  to 
investigate  and  explore  as  yet  unknown  phenomena  with  the  hope 
of  making  new  and  startling  discoveries. 

A.  Solid  State  Phvsics 

In  solid  state  physics  a  wide  variety  of  phenomena  have  already 
been  explored  in  the  broad  field  which  we  have  named  magneto¬ 
spectroscopy.  Among  these,  such  resonance  experiments  as  cyclotron, 
antiferromagnetic,  nuclear,  and  paramagnetic  resonance,  etc.,  wiil 
continue  to  be  fruitful  research  areas  for  some  time.  Plasma  phenom¬ 
ena  in  solids  involving  the  interaction  of  electromagnetic  radiation 
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with  multicomponent  carriers  is  now  of  great  interest  to  physicists. 
Magnetic  fields  have  long  been  used  for  the  study  of  steady  transport 
properties  such  as  the  Hall  effect,  niagnctoresistance,  susceptibility, 
and  thcnnomagnctic  effects.  However,  recently  the  study  of  oscilla¬ 
tory  phenomena  associated  with  the  quantum  nature  of  electrons  in 
a  magnetic  field  have  made  these  older  experimental  techniques  of 
great  significance  in  exploring  the  fundamental  nature  and  proper¬ 
ties  of  electrons  in  semiconductors  and  metals.  Even  more  recently 
acoustical  techniques,  which  will  be  discussed,  have  added  a  new 
dimension  to  this  important  approach  to  transjxirt  studies  of  these 
materials.  The  field  of  magnetooptical  investigations  of  solids  is  per¬ 
haps  the  oldest  and  most  celebrated  one  since  it  was  discovered  by 
Faraday  in  1845  and  was  a  keystone  in  atomic  spectroscopy  after  the 
discovery  of  the  Zeeman  effect  at  the  turn  of  the  century.  Neverthe¬ 
less,  an  entirely  new  field  of  modern  magnetooptics  has  grown  up  in 
the  last  decade,  mainly  due  to  the  advent  of  intense  magnetic  fields, 
low  temperatures,  and  high  purity  single  crystals.  More  recently, 
spectroscopic  studies  of  lasers  and  the  operation  of  lasers  themselves 
in  magnetic  fields  have  further  revolutionized  this  exciting  area  of 
physics.  Superconductivity  at  high  magnetic  fields  is  not  only  of 
practical  importance  today,  but  the  physics  of  high  field  materials  is 
one  of  the  challenging  problems  and  continues  to  be  explored.  A 
wide  variety  of  new  materials  is  constantly  being  developed  and 
measured  at  the  highest  fields  available  at  NML.  Magnetism  and 
magnetic  properties  of  materials  such  as  the  transition  metals,  fer¬ 
rites,  antiferromagnets  and  ferrimagnctics  constitute  in  themselves 
a  major  field  of  science  and  of  course  exhibit  properties  which  lend 
themselves  very  naturally  to  exploration  at  fields  of  100  kilogauss  or 
more.  The  interna)  fields  in  these  materials  arc  often  of  this  magni¬ 
tude  and,  when  subjected  to  external  fields  comparable  or  larger, 
the  materials  exhibit  interesting  and  anomalous  behavior  which  as 
yet  is  not  fully  understood.  One  of  the  tools  which  serves  as  an  ex¬ 
tremely  versatile  and  sensitive  probe  in  this  context  is  the  Moss- 
bauer  effect  in  which  an  ultra-narrow  line  or  band  of  frequencies  in 
the  gamma  ray  region  is  emitted.  The  magnetic  environment  is  re¬ 
flected  in  the  Zeeman  spectrum  of  these  lines  and  serves  as  a  means 
for  studying  the  microscopic  properties  of  electrons  and  nuclei  in 
magnetic  materials  of  all  sons. 
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B.  Intraband  Effects 

Physicist**  began  studying  the  interaction  of  electromagnetic  radi¬ 
ation  with  electrons  in  the  ionosphere  in  the  presente  of  the  earth’s 
magnetic  field  about  forty  years  ago.  They  were  among  the  first  to 
recognize  the  phenomena  of  cyclotron  resonance,  magnetoplasma 
reflection,  anti  plasma  waves.  The  interesting  situation  that  hat  de¬ 
veloped  is  that  these  same  phenomena  in  solids  have  evolved  into 
a  rich  and  fruitful  field  of  investigation  which  has  been  extended 
into  the  realm  of  quantized  phenomena.  Cyclotron  resonance  in  ger¬ 
manium  and  silicon  at  microwave  frequencies  at  low  temperatun* 
has  triggered  a  scries  of  theoretical  and  experimental  investigations 
that  have  elucidated  the  band  properties  •}(  semiconductors  and 
metals  and  the  topology  of  Fermi  surfaces  in  a  most  remarkable 
way. 23  However,  in  order  to  extend  these  measurements  to  other 
semiconductors  it  was  necessary  to  do  this  at  higher  frequencies  in 
the  infrared  and  millimeter  regions.  This  was  accomplished  by  de¬ 
veloping  pulse  fields  of  the  order  of  several  hundred  thousand  gauss. 
It  was  soon  recognized  that  steady  fields  of  this  order  or  somewhat 
smaller  and  far  infrared  techniques  would  be  the  ideal  combination. 
The  partial,  but  significant,  success  with  the  III-V  compound  semi¬ 
conductors  should  be  soon  augmented  when  present  high  fields  are 
combined  with  lasers  in  the  submillimeter  region  at  100  to  300 
microns.  A  whole  new  era  for  the  study  of  cyclotron  resonance  in 
solids  will  begin. 

A  phenomenon  closely  related  to  cyclotron  resonance  is  that  of  re¬ 
flecting  electromagnetic  waves  from  an  electron  plasma  in  a  mag¬ 
netic  field.  As  the  frequency  is  varied  from  a  low  value,  the  medium 
is  highly  reflecting  until  a  critical  plasma  frequency  it  reached.  Then 
the  medium  becomes  transparent  and  at  higher  frequencies  behaves 
as  a  dielectric.  In  a  magnetic  field  this  plasma  edge  on  reflection  is 
split  into  two  edges,  which  are  separated  from  each  other  by  the 
cyclotron  frequency.  By  carrying  out  such  experiments  at  infrared 
wavelengths  on  a  quantitative  basis,  it  is  possible  to  measure  the 
electron  density,  the  electron  effective  mass,  the  dielectric  constant, 
and  the  relaxation  time  in  a  semiconductor  or  semimetal.*1  Plasma 
phenomena  in  such  materials  can  also  be  investigated  at  high  mag¬ 
netic  fields  by  transmission  of  helicon  waves,**  which  are  circularly 
polarized  waves  rotating  in  the  same  sense  as  the  electron  in  the 
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magnetic  field.  The  velocity  of  this  wave  it  proportional  to  the 
square  root  of  the  magnetic  field.  Thin  by  varying  the  magnetic 
field,  the  index  of  refraction  of  a  tlab  is  altered  so  that  it  provides 
interference  at  multiples  of  half  wavelengths.  By  investigating  these 
in  a  microwave  bridge,  a  very  interesting  interference  pattern  is  ob¬ 
served  from  which  a  highly  accurate  measurement  of  the  electron 
density  can  be  obtained1*  at  shown  in  Fig.  7.  In  scmimetals  where 
the  electron  and  hole  concentrations  are  equal,  no  helicon  wave  ex¬ 
ists,  but  instead  the  wave  hat  a  velocity  which  is  proportional  to  the 
magnetic  field. *•  This  it  known  as  the  Alfvfn  wave  which  i-  found 
in  the  ionosphere.  Such  waves  have  become  \cr/  interesting  recently 
in  materials  such  as  bismuth,  graphite,  and  other  scmimetals  in  high 
fields. 

Other  effects  such  as  Faraday  rotation  and  the  closely  related  Kerr 
magneto-optic  effect,  in  which  linearly  polarized  waves  are  rotated 
by  electrons  in  semiconductors,  metals  and  magnetic  materials  are 
also  of  great  value  to  fundamental  studies  of  these  materials.  Intense 
magnetic  fields  will  play  an  ever  increasing  role  in  exploring  the 
properties  of  quasi-free  electrons  in  such  solids.  Not  only  will  effec¬ 
tive  masses  be  measured,  but  magnetic  interaction  within  the  solids 
will  be  uncovered. 

C.  Intuuand  Effects 

By  interband  effects  we  mean  electron  transitions  induced  in  crys¬ 
tals  between  the  atomic  levels  which  have  been  spread  into  bands 
and  which  are  separated  by  region',  of  forbidden  energies.  Due  to 
the  existence  of  these  quasi  continuous  bands  or  levels,  it  is  difficult 
to  determine  the  quantitative  nature  of  the  energy  structure  of  die 
crystal.  However,  with  the  introduction  of  a  magnetic  field,  the  levels 
or  bands  become  requantized;  furthermore,  this  is  directionally  de¬ 
pendent,  making  such  a  study  a  very  intriguing  and  a  challenging 
prospect.  Indeed,  both  absorption  and  dispersive  phenomena  at  op¬ 
tical  and  infrared  frequencies  in  solids  have  opened  a  new  era  of 
magneto-optical  investigations  unheard  of  until  this  decade.  A  va¬ 
riety  of  magneto-absorption,  Faraday  rotation,  cross  field  magneto¬ 
absorption,  magneto-reflection,  and  other  related  effects  have  been 
investigated, ,T  In  a  semiconductor  in  the  presence  of  an  oscillating 
electric  field  transverse  to  the  magnetic  field,  the  intrared  absorption 
is  very  sensitively  observed.  For  the  first  time  the  oscillatory  effect  in 
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Fiuurje  7.  Helicon  wave*  in  a  solid  naie  plasma  at  microwave  frequencies 
(After  Kurdyna,  ref.  25). 


GaAs  has  been  observed  by  this  new  cross-field  magneto-absorption" 
as  shown  in  Fig.  8.  The  oscillations  arc  evidence  of  the  quantized 
interband  transitions,  which,  when  analyzed,  provide  information 
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ficuar.  8.  Cross-field  magneto-absorption  in  gr.Uium  arsenide.  Sigma  plus 
and  sigma  minus  refer  to  positive  and  negative  circularly  polarised  waves. 
(After  Vrthen,  ref,  28). 

about  energy  band  parameters  for  holes  and  electrons.  This  has  been 
done  successfully  in  germanium  first,  and  now  many  of  the  com¬ 
pound  semiconductors  are  succumbing  to  improved  techniques  with 
high  magnetic  fields.  These  new  techniques  include  such  exotic  phe¬ 
nomena  which  go  by  the  name  of  photon-assisted  magneto-tunneling 
and  magneto-emission.  The  latter  have  been  studied  by  observing 
the  radiation  entitled  by  diodes,  lasers,  and  optically  excited  semi¬ 
conductors.  T  hese  observations  complement  the  absorption  and  re¬ 
flection  expci  intents.  In  order  to  exploit  this  new  quantum  magneto¬ 
optical  phenomenon  in  metals,  it  was  evident  (hat  transmission  or 
absorption  experiments  on  single  crystals  were  impractical.  Conse¬ 
quently,  a  magneto-reflection  technique  was  innovated.  This  was 
highly  successful  in  bismuth1*  where  the  infrared  energy  was  fixed 
in  a  wavelength  and  the  magnetic  field  was  swept  to  the  highest 
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fields  possible  for  a  range  of  frequencies  in  the  infrared  between 
ten  and  twenty  mitrons.  The  results  were  rather  surprising  in  that 
no  rffret  war  observed,  exiept  with  the  magnetic  field.  The  trace 
shown  in  Fig,  9  ii  typiial  fot  one  of  two  irystal  orientation!.  When 
thetc  oscillatory  data  are  collated  and  plotted  ai  a  function  of  fields 
versus  energy,  a  fan  aha)>cd  pattern  of  prints  results.  Upon  develop¬ 
ing  a  theoretical  model  of  the  energy  hands  in  whith  three  impor 
tant  parameters,  namely  an  energy  gap,  an  effective  mass  at  the 
bottom  of  the  conduction  band  and  a  spin  value  are  predicted,  then 


Ficum'.  9.  MagnetoreHet lion  in  bismuth  anil  bismuth-antimony  alloy  show¬ 
ing  two  sets  of  imerband  transitions  as  indicated  by  the  reflection  peaks. 
(After  Brown,  Mavruides,  and  Lax,  ref.  29). 
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in  whirh  seven  parameters  are  necessary  to  specify  the  energy  struc¬ 
ture  of  this  well  known,  but  until  now  poorly  understood,  semi¬ 
metal.  The  magnetoreflection  experiments  at  fields  of  100  kilogauss 
in  yvrolytic  graphite  are  capable  of  evaluating  the  pertinent  para- 
metcis  to  three  significant  figures  and  firmly  establish  the  theoretical 
mode)  of  the  bands  in  a  most  convincing  manner.  The  Fermi  sui- 
face  deduced  from  these  data  for  holes  and  electrons  exhibits  the  un 
expected  shape  of  a  rocket  as  shown  in  Fig.  11.  Following  graphite, 
other  semimetals  such  as  antimony*1  and  the  compound  mercury- 
telluride  have  recently  succumbed  to  the  above  technique.  The  re¬ 
sults  already  have  demonstrated  that  the  energy  bands  of  these 
materials  are  quite  different  than  that  predicted  on  the  basis  of 
intiaband  measurements  such  as  de  Haas-van  Alphen  effect,  mag¬ 
netoresistance,  and  cyclotron  resonance.  This  should  not  be  sur¬ 
prising  since  the  interband  magneto-optical  effects  with  polarized 
light  and  related  selection  rules  provide  more  information  about  the 
symmetry  properties  of  these  energy  states  and  over  a  wider  range 
of  energies.  Ultimately,  when  further  refined  in  sensitivity,  this  tech¬ 
nique  should  prove  to  be  a  powerful  tool  for  studying  the  energy 
structure  in  an  increasing  number  of  metals. 

D.  Oscillatory  Effects 

The  first  evidence  of  the  quantization  of  levels  in  metals  in  a 
magnetic  field  were  the  observation  of  oscillations  in  the  magneto- 
resistance  of  bismuth,  which  has  been  called  the  Shubnikov-de  Haas 
effect.  A  related  phenomenon  in  which  the  magnetic  susceptibility 
was  observed  to  oscillate  at  low  temperatures  is  known  as  the  de 
Haas-van  Alphen  effect.  The  latter,  which  has  been  studied  a?  a 
function  of  temperature  in  the  liquid  helium  range,  exhibits  oscil¬ 
lations  due  to  the  coincidence  of  the  magnetic  levels  with  the  Fermi 
energy.  As  the  magnetic  field  is  increased,  different  quantum  levels 
associated  with  the  coalescence  of  the  energy  states  successively  reach 
the  energy  of  the  Fermi  level  resulting  first  in  an  enhanced  popula¬ 
tion  of  electrons  at  the  coincident  level  and  a  decrease  when  this 
magnetic  level  exceeds  the  Fermi  energy.  From  the  study  of  this 
periodic  variation  as  a  function  of  magnetic  field,  crystal  orientation 
and  temperature,  a  great  deal  of  information  regaiding  metals  has 
been  derived,  both  with  high  dc  fields  and  large  pulsed  magnetic 
fields.**  The  de  Haas-van  Alphen  or  Shubnikov-de  Haas  oscillations 
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at  they  are  called  can,  of  courte,  be  observed  by  a  number  of  other 
techniques  besides  the  magnetic  susceptibility  and  magnetoresiit- 
ance.  Very  recently  it  has  been  observed  in  the  infrared  reflection 
from  antimony  near  the  plasma  edge.  But  perhaps  the  most  impor¬ 
tant  technique  that  has  evolved  is  the  ultrasonic  attenuation  in 


GRAPHITE  FERMI  SURFACE  MODEL 

H 


Ficure  II.  Sketch  of  the  Fermi  surface  of  graphite  obtained  from  magne¬ 
toreflection  experiments.  (After  Dreaielhaui  and  Mavroides,  ref.  30). 
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metals,  which  not  only  shows  these  quantum  oscillations,  but  a  num¬ 
ber  of  other  equally  important  quantum  and  geometrical  phenom¬ 
ena.  **  One  of  the  most  striking  examples  of  this  is  known  as  the 
giant  quantum  oscillations. 44  This  was  predicted  theoretically  on 
the  basis  that  those  electrons  which  travel  at  the  velocity  of  sound 
parallel  to  the  magnetic  field  absorb  most  of  the  energy  in  the  metal. 
Consequently,  as  the  magnetic  field  is  varied  and  the  quantum  levels 
coincide  with  the  Fermi  level,  instead  of  oscillations,  very  large  peaks 
are  observed  at  low  temperatures  and  high  magnetic  fields.  Indeed, 
when  this  experiment  was  performed  in  gallium,  the  pattern  shown 
in  Fig.  12  was  found.45  In  applying  the  theory  to  these  data,  it  was 
possible  to  determine  not  only  the  effective  mass,  but  also  the  spin 


Figure  12  Giant  quantum  oscillauons  in  gallium  obtained  from  ulna  sonic 
attenuation  in  a  magnetic  field.  (After  Shapira  and  Lax,  ref.  35). 
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factor  for  the  Ant  time  from  observations  of  the  splitting  of  the 
peaks  above  100  kilogauss.  Furthermore,  a  deformation  potential, 
i.  e.,  the  coupling  of  the  electrons  with  the  lattice,  and  the  relaxation 
time  were  also  estimated.  The  ultrasonic  techniques  are  also  impor¬ 
tant  in  determining  the  size  and  shape  of  the  Fermi  surface. 

III.  CONCLUSIONS 

It  is  difficult  in  a  short  discourse  such  as  this  to  adequately  cover 
the  extent  and  full  scope  of  high  magnetic  held  research  that  has 
evolved  during  the  last  decade.  The  activity  and  productivity  has  far 
exceeded  the  expectations  of  even  its  most  ardent  participants.  Only 
a  few  years  ago  such  phenomena  as  the  Mossbauer  effect,  coherent 
radiation  with  lasers,  and  high  held  superconductivity  did  not  exist. 
But  each  of  these  now  has  become  a  prominent  area  of  research  which 
will  play  an  important  future  role  under  the  heading  of  high  mag¬ 
netic  Acids.  However,  there  are  many  which  we  have  not  mentioned 
which  promise  to  enrich  this  held  of  science  even  further.  For  ex¬ 
ample,  there  is  a  host  of  possibilities  involving  electron  beams  in 
magnetic  fields  which  will  be  extremely  interesting  as  sources  for 
radiation  in  the  millimeter  and  far  infrared.  A  synchrotron  radia¬ 
tion  source  in  high  magnetic  fields  is  capable  of  developing  into  a 
bioad  band  incoherent  radiation  source  from  the  microwave  to  the 
far  ultraviolet,  which  when  properly  designed,  can  exceed  present 
sources  in  the  energy  starved  regions  of  the  electromagnetic  spec¬ 
trum  by  two  to  four  orders  of  magnitude.  The  possibility  of  putting 
high  pressure  equipment  into  the  existing  large  volume  high  field 
water-cooled  magnets  will  permit  the  examination  of  the  electrical, 
optical,  and  magnetic  properties  of  a  whole  new  host  of  crystals 
which  experience  phase  transformation  at  these  ultra-high  pressures. 
Thus  our  knowledge  of  the  basic  properties  of  these  materials  and 
their  dependence  on  their  atomic  configuration  can  be  tremendously 
enhanced.  These  are  only  a  few  examples  of  future  developments. 
However,  it  can  be  said  that  in  science,  whenever  the  tools  are  ex¬ 
tended  quantitatively  to  the  limit  allowed  by  nature  and  human  in¬ 
genuity  and  at  least  one  order  of  magnitude  beyond  that  which  the 
state-of-the-art  has  previously  reached,  then  inevitably  new  phenom¬ 
ena  are  discovered  and  new  knowledge  about  the  science  of  ma¬ 
terials  always  is  developed.  In  high  magnetic  field  research  we  have 
cascaded  these  new  techniques  and  succeeded  in  combining  the  ex- 
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ueme  value*  of  the  physical  parameters  such  as  low  temperatures, 
high  fields,  high  purity  of  crystals,  high  resolution  spectroscopy,  ex¬ 
treme  ranges  of  frequency,  and  now  high  pressures.  This  combina¬ 
tion  of  techniques  when  carried  to  its  ultimate,  plus  experimental 
ingenuity  and  more  sophisticated  theoretical  analysis  abetted  by 
modem  computer  processing,  presents  an  exciting  program  of  fruit¬ 
ful  research  with  high  magnetic  fields  that  will  engage  a  great  many 
physicists  and  engineers  very  profitably  in  this  exciting  area  of  re¬ 
search  for  the  next  generation  at  least. 
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XIII.  The  Relation  of  ATR  to 
Absorption  Spectra  in  the  Infrared 

Bryce  Crawford,  Jr. 

For  over  a  quarter  of  a  century  chemists  have  used  infrared  spec¬ 
troscopy  as  a  diagnostic  and  analytical  tool  in  the  characterization 
of  materials.  In  this  application  the  absorption  spectrum  of  the 
sample  between  400  and  4000  cm'1  is  determined;  its  qualitative  ap- 
peaiance,  more  specifically  the  appearance  of  characteristic  absorp¬ 
tion  bands  at  certain  “group  frequencies,"  has  enabled  the  chemist 
to  identify  the  material  qualitatively,1  and  the  quantitative  measure¬ 
ment  of  the  absorbance  of  the  sample  has  permitted  him  to  deter¬ 
mine  the  amounts  of  the  components  in  a  mixture.1  A  few  years 
ago  the  similar  use  of  the  "Attenuated  Total  Reflection"  (ATR) 
spectrum  was  described  by  Fahrenfort*  and  since  his  paper  the 
method  has  received  considerable  attention  from  chemists  and  from 
instrument  makers.  The  claim  usually  advanced  is  that  the  ATR 
technique  is  more  convenient  for  certain  types  of  samples,  and  that 
in  these  cases  the  chemist  can,  by  properly  using  ATR,  obtain  a 
spectrum  "essentially  identical  to  the  absorption  spectrum,  which 
he  can  then  use  in  the  familiar  fashion.  Our  purpose  in  this  paper 
is  not  to  enter  into  the  discussion  of  the  lelative  conveniences  of 
ATR  and  absorption  spectra  for  various  sample  situations,  but  to 
present  a  qualitative  treatment  of  the  factors  which  control  the  ap¬ 
pearance  of  ATR  spectra.  With  an  understanding  of  these  factors, 
we  can  understand  and  even  interpret  the  very  real  differences  be¬ 
tween  ATR  and  conventional  absorption  spectra,  and  hence  choose 
experimental  conditions  which  produce  ATR  spectra  most  suitable 
for  a  particular  application. 

BRYCE  CRAWFORD,  Jr.  is  Dean  of  I  he  Graduate  School  and  Prof  trior 
of  Physical  Chemistry  at  the  University  of  Minnesota.  His  researches 
have  been  in  basic  scientific  kinetics  of  flames  and  propellants,  v;ith  hit 
interests  centering  on  molecular  spectroscopy  and  molecular  structure. 


TBNTH  ANNIVERSARY  A  KISH  SCIENTIFIC  SEMINAR  10) 

The  Nat  uu  of  the  ATR  Spectrum 

To  ob lain  m  ATR  .per. rum,  we  measure  tj.c  attenuation  ^  , 
beam  of  infraicd  light  reflected  internally  from  the  surface  of  some 

UcTwdh  ?h  °PllC?tr  matCrial  Which  “  *n  *«*  optical  con 
Ihr  i  hC  MTP  lhC  Iight  on>y  a  few  microns  into 

the  sample,  so  that  >(>  thickness  beyond  the  first  few  micron,  does 

h»l  h  Ihaii  not  dncr,bc  thc  variHU*  oPtital  *y,,etm  which 

'Z£,n  ^  ”  tTR  ,Pec‘ro»raPy  as  the  detail,  can  b,  found 

oath  wh  h  8  ">.F*hrC"f°r‘  I  °ris'nal  PaPe,'S  l  hc  «*"t**>  optical 
path.  Which  we  shall  presently  discus,,  i,  ,hown  in  Figure  1 

We  can  regard  an  ATR  spectrum  either  as  a  substitute  for  .  con¬ 
ventional  absorption  spectrum  or  as  a  distinct  optical  observation 


Ficuut  I.  Optical  path  of  light  rays  at  an  interface. 
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yielding  certain  information.  If  we  view  it  at  a  substitute  for  an  ab¬ 
sorption  spectrum,  we  note; 

(a)  sampling  may  l>c  easier  in  certain  rases; 

(b)  the  optical  system  is  more  complex; 

(c)  the  bands  are  “distorted"  in  comparison  with  absorption 
bands,  though  the  distortion  can  be  controlled  and  minimised; 

(d)  the  relative  band  intensities  arc  changed. 

If  we  view  it  as  a  distinct  optical  observation,  note; 

(a)  both  the  refractive  index  and  the  absorption  coefficient  of  the 
sample  may  be  determined; 

(b)  only  the  surface  layers  of  the  sample  are  observed; 

<c)  the  depth  of  penetration  can  be  controlled; 

(d)  the  light  beam  is  nearly  parallel  and  of  small  area  where  it 
interacts  with  the  sample,  providing  a  convenient  situation  to 
use  polarized  light  in  the  study  of  anisotropic  samples. 

The  primary  reason  for  differences  between  ATR  and  absorption 
spectra  lies  in  the  effect  of  the  sample  refractive  index.  The  conven¬ 
tional  absorption  spectrum  is  sensitive  to  changes  in  the  absorption 
coefficient  of  the  sample,  but  essentially  independent  of  changes  in 
the  rcfracti«c  index.  Both  these  factors  arc  important  in  A  I  R  ob¬ 
servations,  and  in  the  neighborhood  of  an  absorption  band  both 
these  factors  change  very  markedly  with  frequency.  In  the  following 
we  shall  consider  the  basic  optical  situation  and  discuss  in  detail 
the  way  in  which  quite  different  spectral  appearances  may  arise.  We 
shall  focus  our  discussion  on  isotropic  samples. 

Basic  OPTICAL  T HIC5V 

Consider  (Figure  1.)  a  ray  of  infrared  light,  I,  incident  on  a  bound¬ 
ary  between  a  transparent  material  with  a  high  refractive  index  ni, 
and  the  sample  with  refractive  index  n».  At  a  frequency  wherr  the 
sample  does  not  absorb,  consider  the  effect  on  reflectivity,  defined  as 
the  intensity-ratio  R/I,  of  increasing  the  angle  At  first,  at  low 

*  Ideally  the  incident  light  should  be  parallel  so  that  all  the  rays  In  the  beam 
have  the  tame  angle  ot  Incidence,  In  practice  this  Ideal  can  be  approached  by 
making  medium  I  in  the  form  ot  a  hemirylinder  or,  if  n,  it  very  high  (eg., 
germanium,  n,  =  4).  by  limply  focusing  the  convergent  beam  onto  a  flat  external 
absorbing  sample  provides  in  excellent  of  srgle  resolution.  The  rounding 
ot  the  curve  near  the  critical  angle,  by  comparison  with  the  theoretical  curve  for 
parallel  light  (see  tv  2),  U  a  measure  of  the  non  parallelled  of  the  incident  light, 
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<i,  the  energy  of  the  incident  light  it  divided  into  a  reflected  and  a 
transmitted  ray.  The  angle*  and  refractive  indite*  arc  related  by 
Snell'*  Law: 

n,  tin  9,  n,  tin  <4  (I) 

If  n,  >  ng,  a  value  of  <?,  is  reached  when  the  tranimitted  ray  it 
grating  the  boundary.  1  hi*  it  the  critical  angle,  and  the  light  i* 
totally  internally  reflected  for  all  larger  value*  o!  Thi*  i*  illui 
trated  in  Fig.  2.  The  critical  angle  i»  obtained  front  n,  *in  9,  —  n* 


Ftom  2.  “Angle-kan"  curve*:  reflectivity  against  angle  of  incidence.  All 
curve*  auutnr  n,  1.-45.  For  internal  reflection,  curvrs  A  and  B,  n,  =  1.95; 
for  A,  ng„j  =  0,  for  B,  n^  0.35  For  external  reflection,  curve*  C  and 
I>.  n,  =  1.0;  for  <J,  n^j  =  0,  for  U.  ng«,  =  0.35. 

and  the*  fallowing  two  inecjualiti:*,  modified  by  the  effect  of  absorp¬ 
tion  a*  described  in  the  next  section  will  prove  to  be  very  useful; 

NONTOTAL  REFLECTION:  n,  sin  9,  <  n, 

(2) 

TO!  AL  REFLEC  LION;  n,  tin  f,  >  n* 

When  the  light  i*  totally  reflected  there  i*  still  an  electromagnetic 


«* 
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wave  on  the  sample  tide  of  the  boundary.  This  phenomenon  is  well 
known  and  has  been  discussed  dearly  in  Born  and  Woll*  and  Jenkins 
and  White.®  The  important  points  air  as  follows: 

1)  The  wave  in  the  sample  is  not  a  simple  transverse  wave  such 
as  the  incident  or  reflected  waves.  Theory  shows  that  its 
amplitude,  which  falls  off  cx|>oncniially  with  distance  away 
from  the  buundary,  depends  on  the  values  of  n,,  n9  and  0,  such 
that  it  is  strongest  just  above  the  critical  angle  and  zero  at  graz¬ 
ing  incidence  (i9j  90°). 

2)  There  is  an  instantaneous  fle  w  of  energy  backward  and  for¬ 
ward  across  tire  boundary  but  (for  a  transparent  sample)  no  net 
transfer  of  energy  into  the  sample. 

3)  There  is  a  net  transfer  of  energy  through  the  sample  along  the 
boundary  parallel  to  the  plane  of  incidence.  The  distance 
traveled  in  the  sample  before  rccrossing  the  boundary  also  de¬ 
pends  on  n,,  n3,  and  0-  and  is  greatest  just  above  the  critical 
angle  and  zero  at  grazing  incidence. 

So  far  we  have  assumed  that  the  sample  is  transparent.  Wc  now 
consider  the  more  general  case  when  this  is  not  so.  At  a  frequency 
where  the  sample  absorbs  light  the  tefractivc  index  becomes  a  com¬ 
plex  quantity  and  is  written  ft3  It  is  made  up  of  a  real  and  an  imag¬ 
inary  part:  fl3  —  n3(l  -f-  i  *2)  where  i  —  \f  ■  ■  1.  We  shall  consider 
the  real  part,  n3,  to  be  the  same  as  the  n3  above.  This  is  not  strictly 
correct  when  the  sample  absorbs  and  the  refracted  angle  03  is  no 
longer  given  by  Snell's  Law  as  stated  in  equation  (1).  However,  if 
we  continue  to  define  a  critical  angle  by  equations  (2)  we  can  give  a 
good  qualitative  account  of  A  I  K  band  sha|>c*.  The  imaginary  part, 
n**,,  is  a  measure  of  the  rate  at  which  light  passing  through  the 
sample  is  attenuated.  We  tall  f\a  thr  complex  refractive  index,  na 
the  refractive  index,  na«,  the  extinction  coefficient  and  the  at¬ 
tenuation  index  of  the  sample.  na  and  na«a  are  referred  to  collec¬ 
tively  as  the  "optical  constants."  The  extinction  coefficient  is  related 
to  the  absorption  coefficient,  a,  of  the  Bouguer-Lambert  Law  (I/I0 
—  c'41)  by  ‘try  na  mj  —  a,  where  y  is  the  vacuum  wavenumber  of  the 
radiation.  At  angles  below  (9,.,  the  reflectivity  is  less  than  1  since  a 
transmitted  ray  exists;  absorption  by  the  sample  modifies  the  rcllcc- 
tivity  only  slightly  until  6,  approaches  because  cnetgy  in  the  re¬ 
flected  beam  has  interacted  strongly  with  the  sample,  some  of  the 
energy  will  be  trapped  if  the  sample  absorbs.  Lite  reflected  beam  is 
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then  attenuated  and,  because  the  amplitude  u(  the  light  wave  and 
the  distance  it  travels  through  the  sample  are  greatest  when  6,  is 
just  above  the  (ritual  angle,  the  attenuation  (or  a  given  absorption 
coefficient  will  be  greatest  at  this  angle  of  incidence.  1  he  attenuation 
decreases  to  zero  at  grazing  ini  idetue. 

In  Figure  2,  curves  A  and  H  show  the  reflectivity  as  a  futution  of 
the  angle  for  a  transparent  and  an  absorbing  sample  resjiei lively, 
against  an  optically-densc  medium  (n,  I  95),  assuming  a  reason¬ 
able  sample  refractive  index  (n,  __  i  45);  a  moderately  high  extiuc- 
tion  coefficient  (u^i  —  0.35)  has  been  assumed  for  the  absorbing 
case.  The  attenuation  which  will  be  observed  at  a  given  setting  uf 

is  of  course  the  vertical  difference  between  unve  A  and  curve  B 
at  that  angle.  '1  lie  curves  will  be  different  tor  every  combination  of 
n,,  n,.  and  nt«a,  but  the  genera)  features  of  this  example  will  appear 
in  any  case.  The  trends  outlined  in  the  last  few  paragraphs  arc  well 
illustrated,  and  these  curves  will  repay  thoughtful  study.  They  show 
in  particular  that  tire  attenuation  due  to  the  extinction  coefficient 
i  greatest  at  angles  just  above  the  c ntnal  angle  this  then  is  the 
region  of  angle  setting  where  the  AIR  technique  has  greatrsi  sensi¬ 
tivity  to  sample  absorption.  It  is  also  the  angle  langc  where  the 
curve  cs  steepest  against  angle,  and  hence  where  any  cnoi  in  angle 
setting  will  have  the  greatest  effect,  quantitative  study  shows  that, 
for  real  accuracy  in  ntcasuieiiieiii  of  the  attenuation,  the  angle 
should  be  reproducible  at  least  to  0.1  degree.  The  curves  show  also 
that,  as  the  angle  setting  moves  up  higher  than  tile  attenuation 
becomes  lest. 

The  curves  in  Figure  U  have  Urn  calculated  tor  the  optically 
simplest  case,  that  of  |>nlari/ed  light  pci  (rendu  ular  to  the  plane  of 
incidence  at  the  sample  surface.  The  op|rositc-polari/aticm  turves 
are  qualitatively  similar.  Wc  shall  not  consider  in  tb:s  paper  the 
polarization  effects,  since  our  qualitative  arguments  arc  valid  for 
both  polarizations.  But  it  should  be  noted  that  the  effects  of  polar¬ 
ization  arc  quantitatively  quit'  noticeable.  This  can  be  used  to  good 
advantage  in  studying  anisotropic  or  oriented  samples  by  A  I  R,  as 
has  been  mentioned.  It  can  also  Ire  regarded  as  a  disadvantage  in 
thal  ATR  obser  vations  are  affected  by  the  jxrlar i/a tion  discrimina¬ 
tion,  or  greater  efficiency  for  one  (rolat  ization  than  for  the  other,  and 
in  the  case  of  grating  spectrometers  this  discrimination  can  be  quite 
significant. 
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Curves  C  and  D  in  Figure  2  show  the  reflectivities  for  the  same 
pair  of  samples,  transparent  and  absorbing,  when  they  are  examined 
by  conventional  or  external  reflection  methods;  i.e.,  when  there  is 
no  optically-dense  medium  involved,  and  the  refractive  index  n,  is 
simply  that  of  air,  n]  =  1.0.  It  will  be  noted  that  the  use  of  internal 
total  reflection  both  increases  the  reflected  intensity  so  that  we  have 
more  light  to  work  with,  and  increases  the  effect  of  the  sample  ab¬ 
sorption,  the  attenuation. 

Band  Shapes  and  Intensities  in  ATR  Spectra 

If  we  proceed  to  examine  the  course  of  a  spectral  run,  in  which 
a  given  angle  setting  is  used  and  the  observed  reflectivity  is  plotted 
against  the  frequency  of  the  light  being  reflected,  we  must  take  into 
account  the  fact  that  the  sample  refractive  index  n2  strongly  affects 
the  critical  angle  and  hence  the  reflectivity.  It  is  a  general  law  of 
nature  that  the  refractive  index  of  a  substance  varies  rapidly  in  the 
neighborhood  of  an  absorption  band:  wherever  the  extinction  co¬ 
efficient  n2*a  goes  through  a  maximum  (an  absorption  peak)  there 
is  an  oscillation  in  the  curve  of  na  against  frequency,  with  a  region 
of  anomalous  dispersion  across  the  band  center.  This  behaviour  ran 
be  understood  if  we  consider  the  molecules  of  the  sample  as  damped 
oscillators  set  in  motion  by  the  oscillating  electrical  field  of  the  light 
wave,  having  a  resonant  frequency  equal  to  the  light  frequency  at 
the  absorption  peak;  more  sophisticated  and  more  accurate  models 
such  as  the  Lorentz  or  the  Van-Vleck-Weisskopf  model  show  the 
same  qualitative  behavior.  We  may  discuss  the  effects  in  connection 
with  a  specific  example:  Figure  3  shows  the  course  of  the  two  optica! 
constants  n2  and  ns*2  for  liquid  benzene  in  the  region  of  the  675 
cm'!  band. 

A.  Dependence  on  nt  and  0v 

If  now  we  choose  a  given  optically-dense  material,  thus  fixing  n1( 
and  also  choose  a  given  setting  6U  we  shall  fix  the  value  of  n,sin  8, ; 
wherever  this  is  gi  cater  than  n2  the  condition  for  totai  reflection  is 
satisfied  as  noted  in  equations  (2),  and  we  may  proceed  to  ask 
whether  the  value  of  n2n2  is  significant  so  that  attenuation  may  occur. 
Three  choices  of  these  instrumental  parameters  arc  indicated  in  Fig¬ 
ure  3,  and  the  resulting  ATR  spectra  shown  in  Figure  4.  We  have 
taken  nt  as  2-37,  the  value  for  KRS-5,  which  is  the  most  popular 
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Ficcjrc  5.  Optical  constant*  of  liquid  benzene  in  the  region  of  675  cm*1. 
Broken  lines  indicate  conditions  described  in  the  text. 

ATR  material,  and  have  considered  three  angles,  (a)  45’,  (b)  70°, 
and  (c)  20°.  The  broken  lines  in  Figure  3  mark  the  value  of  n, 
sin  for  these  three  choices. 

(a)  Let  us  consider  the  case  of  the  45°  setting  and  trace  the  be¬ 
havior  of  the  reflectivity  from  higher  toward  lower  frequencies,  con¬ 
sidering  at  each  point  first  the  relative  values  of  nt  si.i  0t  and  n2,  and 
then  the  value  of  the  extinction  coefficient  nSKi-  At  725  cm'1  on  the 
wing  of  the  band  n2«ca  is  negligible  and  n,  sin  6i  >  n2  so  that  the  re¬ 
flectivity  is  1.  At  700  cm'1  the  sample  starts  to  absorp  and  the  beam  is 
attenuated.  Between  700  and  680  cm'1  the  attenuation  increases  as 


V  <em*') 

Ficuhe  4.  ATR  spectra  for  liquid  bentene  in  the  675  cm'1  region,  using 
KRS-5  at  an  angle  of  incidence  of  (a)  45",  (b)  70*,  and  (c)  20°. 

the  absorption  coefficient  increases.  Thus  far  the  ATR  band  re¬ 
sembles  closely  the  absorption  band.  At  675cm'1  the  absorption  coeffi¬ 
cient  starts  to  decrease  but  n2  is  increasing  rapidly  and  a  point  is 
reached  where  ns  becomes  greater  than  nt  sin  Si,  so  that  total  reflec¬ 
tion  no  longer  occurs.  Energy  is  now  lost  to  a  transmitted  beam  and 
the  ATR  band  is  broadened  on  the  low-frequency  side  by  compari¬ 
son  with  the  absorption  band.  At  lower  frequencies,  the  absorption 
becomes  negligible  and  nj  sin  Si  exceeds  nt  so  that  total  reflection 
occurs  once  more.  The  broadening  on  the  low  frequency  side  pro¬ 
duces  a  shift  to  lower  frequency  of  the  peak  of  the  ATR  band  com¬ 
pared  with  the  peak  of  the  absorption  band.  This  shift  can  be  quite 
considerable. 

(b)  To  reduce  the  distortion  of  situation  (a)  we  need  to  ensure 
that  nj  sin  8i  >  n*  for  all  frequencies.  This  we  do  by  choosing  a 
higher  angle,  70°.  A  more  detailed  study  shows  that  the  distortion 
decreases  the  larger  we  make  n,  sin  but  is  never  entirely  absent. 
However,  as  nt  sin  $i  is  increased,  both  the  amplitude  of  the  light 
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wave  in  the  sample  and  the  length  of  its  travel  through  the  sample 
are  decreased  and  so  the  overall  attenuation  is  less. 

(c)  Crossly  distorted  bands  are  easily  obtained  by  choosing  a  low 
value  of  n,  sin  <9,.  In  the  case  of  a  20°  angle  n,  sin  0t  <  n2  over 
most  of  the  band.  The  highest  reflectivity  is  when  nj  sin  9j  ap¬ 
proaches  na  but  here  the  sample  has  appreciable  absorption  and  so 
the  reflectivity  is  never  total. 

These  examples  show  that  we  have  to  make  a  compromise  between 
strong  bands  which  are  distorted  and  relatively  undistorted  bands 
which  are  weak.  If  our  aim  is  to  produce  A  I  R  spectra  resembling 
absorption  spectra,  we  will  be  drawn  to  the  second  alternative;  if  the 
attenuation  is  then  too  weak,  we  can  produce  a  stronger  band  by 
summing  the  attenuation  at  a  number  of  successive  reflections  with 
a  multiple-reflection  apparatus.  This  is  analogous  to  increasing  the 
thickness  of  an  absorption  cell  an  integral  number  of  times.  It  is  im¬ 
portant  to  realize  that  multiple  reflections  at  high  n,  sin  9,  produce 
an  intense  Land  which  is  much  more  symmetrical  than  the  same- 
strength  band  obtained  with  one  reflection  at  low  n,  sin  9,. 

B.  Dependence  of  Attenuation  on  Frequency 

Assuming  we  have  chosen  n,  sin  ff,  >  n2  over  the  whole  spectrum 
the  attenuation  of  an  ATR  band  is  primarily  dependent  on  n}K3. 
which  as  noted  before  is  proportional  to  the  u  of  the  Bouguer- 
Lambert  Law  divided  by  the  wavenumber.  Consequently,  in  com¬ 
parison  with  an  absorption  spectrum,  an  ATR  spectrum  shows 
relatively  weak  high-frequency  bands  and  relatively  strong  low-fre¬ 
quency  bands.  This  is  a  large  effect  since  the  wavenumber  can 
change  by  a  factor  of  ten  over  the  range  of  an  infrared  spccti  urn. 

C.  Interaction  Between  Neighboring  Bands 

The  relative  intensity  of  two  strong,  neighboring  bands  is  often 
considerably  changed  in  an  ATR  spectrum.  This  is  quite  apart  from 
effect  B  and  is  due  to  n2.  The  curve  of  n2  versus  frequency  is  the 
sum  of  two  closely-spaced  oscillations.  The  result  gives  a  relatively 
higher  value  of  n2  through  the  region  of  the  lower-frequency  band 
and  so  the  lower-frtqucncy  band  will  appear  relatively  more  intense 
by  AT  R.  The  effect  is  minimized  by  choosing  a  high  value  of  n,  sin 
9].  A  particularly  striking  but  not  unique  example  of  this  exists  in 
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the  ATR  spectrum  of  liquid  carbon  tetrachloride  where  the  two 
components  of  the  Fermi  doublet  at  770  cm-1  have  their  relative 
intensities  reversed. 

D.  Solvent  Refractive  Index 

In  a  solution  the  na  which  is  important  is  that  of  the  solution 
as  a  whole.  Thus  if  a  solute  is  dissolved  in  a  transparent  solvent  of 
high  refractive  index,  the  ATR  bands  will  appear  relatively  stronger 
and  more  distorted  for  a  given  value  of  n,  sin  0,  than  if  the  refrac¬ 
tive  index  of  the  solvent  had  been  low.  Therefore,  in  the  caae  of 
solutions  we  can  exercise  a  further  degree  of  control  over  the  form 
of  the  spectrum  by  our  choice  of  solvent  refractive  index. 

E.  ErFEcroF  Solvent  Absorption  Bands 

This  is  analogous  to  effect  C.  A  good  example  is  a  series  of  mixtures 
of  carbon  disulphide  and  acetone.  The  very  strong  C Sj  absorption 
at  1510  cm'1  falls  between  three  weaker  acetone  bands  at  1720,  1570, 
and  1240  cm'1.  As  the  CS*  concentration  is  increased,  the  value  of 
na  of  the  solution  is  raised  on  the  low-frequency  side  of  the  CS,  band 
relative  to  that  on  the  high-frequency  side.  This  causes  the  two  low- 
frequency  acetone  bands  to  gain  in  apparent  intensity  (and  in  dis¬ 
tortion)  at  the  expense  of  the  high-frequency  band. 

F.  Effect  or  Imperfect  Optical  Con  *  act 

So  far  we  have  assumed  perfect  optical  contact  between  the  opti- 
cally-dense  medium  and  the  sample.  This  is  no  problem,  of  course, 
with  liquid  samples  but  can  be  quite  a  real  difficulty  with  crystals 
or  rigid  materials.  Various  techniques  ranging  from  the  optical 
polishing  of  a  single-crystal  sample  to  the  use  of  pressure  to  press  a 
reasonably  pliable  sample  against  the  ATR  optically  dense  element 
can  be  used.  The  qualitative  effect  of  areas  of  poor  contact  is  easy 
to  understand;  in  such  areas  n»  will  be  that  of  air,  namely  1.0,  and 
total  reflection,  unattenuated,  will  occur.  The  result  will,  of  course, 
be  simply  to  weaken  the  attenuation  as  recorded  on  the  ATR  spec¬ 
trum:  a  quite  tolerable  phenomenon  as  long  as  the  weakening  is 
not  too  serious,  and  aj  long  as  quantitative  observations  are  not 
being  attempted. 

It  is  at  least  not  difficult  to  observe  the  extent  of  poor  contact, 
providing  that  the  ATR  clement  is  transparent  in  the  visible  region 
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u  it  the  cue  with  KR5-5.  One  can  observe  the  reflection  of  visible 
light  with  the  eye,  choosing  an  angle  of  observation  such  that  the 
total-reflection  condition  (2)  it  unified  for  the  air-element  interface 
but  not  for  the  lample-element  interface;  then  the  areai  of  poor 
optical  contact  (the  air-element  interface  areai)  will  appear  bright 
against  the  dark  areas  of  good  optic?)  contact. 

It  should  be  noted  that  the  use  of  liquids  such  as  mineral  oil  to 
promote  optical  conract  has  iu  own  dangers.  The  mineral  oil  will 
have  an  intermediate  refractive  index  and  will  promote  passage  of 
the  light  into  the  sample;  but  such  oili  naturally  have  their  own  ab¬ 
sorption  bands,  and  the  resulting  spectrum  will  be  affected  by  these 
bands,  as  weil  as  by  the  rather  complicated  situation  involving  three 
layers  of  different  refractive  indices  all  within  the  depth  of  penetra¬ 
tion  of  the  light. 

Qu/umTATivt  STtrotrs  Using  ATR 

It  is  possible  to  use  ATR  to  obtain  precise  values  of  both  optical  con¬ 
stants  of  a  sample  by  making  measurements  at  two  angles  of  inci¬ 
dence.  Using  the  appropriate  equations,  both  n*  and  n^i  may  be 
obtained.  The  calculations  are,  however,  fairly  sophisticated  and 
lengthy,  and  are  scarcely  practical  if  the  object  is  simply  quantita¬ 
tive  analysis  to  determine  the  concentration  of  solute  B  in  solvent  A. 

A  detailed  discussion  of  the  quantitative  relation  between  R,  the 
observed  reflectivity,  and  the  properties  of  the  sample  is  beyond  the 
scope  of  this  paper.  We  note,  however,  that  Beer’s  Law  does  not 
apply,  and  no  simple  general  relation  between  the  observed  R  and 
the  absorbance  of  the  sample  is  available.  Indeed,  our  diicustion  to 
this  point  has  made  clear  that  the  value  of  R  depends  not  only  on 
ntKt  but  also  on  n*.  on  n,,  and  on  ff,.  It  would  appear  possible  to  de¬ 
vise  empirical  "calibration  curves"  for  practical  samples  if  the  values 
of  these  last  three  constants  can  in  fact  be  held  constant  from  one 
run  to  another.  This  is  easy  for  nt>  and  not  too  difficult  for  if  the 
ATR  spectrometer  is  mechanically  constructed  to  provide  a  precise 
and  reproducible  angle  setting,  but  the  variation  of  the  sample  re¬ 
fractive  index  n2  would  seem  to  be  more  difficult.  Under  some  con¬ 
dition!  one  may  expect  the  relation  between  the  observed  R  and  the 
extinction  coefficient  to  take  a  comfortable  form;  Flournoy  has  given 
some  results  along  this  line.1 
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XIV.  Space  Chemistry 

Willard  F.  Libby 

Space  chemistry  it,  in  our  definition,  chemistry  under  the  unusual 
conditions  of  outer  space  and  inner  space.  Our  sheltered  environ¬ 
ment  here  on  the  earth  has  led  to  an  overemphasis  on  the  chemistry 
peculiar  to  our  conditions.  Our  program  in  chemist i  y  at  UCLA  is 
aimed  to  work  in  those  areas  which  are  different  from  the  normal 
environmental  conditions.  Thus  we  work  in  these  areas:  high  pres¬ 
sure  chemistry,  radiation  chemistry,  high  temperature  chemistry,  and 
vacuum  chemistry.  So  far  we  have  made  progress  only  in  the  first 
two  areas,  although  we  have  a  substantial  beginning  in  the  way  of 
apparatus  for  the  third  area.  But  our  program  in  Space  Chemistry 
is  aimed  at  these  four  general  areas:  high  pressure,  radiation,  high 
temperature,  and  vacuum.  Our  research  has  been  most  generously 
supported  by  the  Directorate  of  Chemical  Sciences  of  the  Air  Force 
Office  of  Scientific  Research.  We  are  extremely  grateful  for  this 
support. 

I  HIGH  PRESSURE  CHEMISTRY 

Our  work  in  the  chemistry  of  high  pressures  has  been  possible  only 
because  of  the  collaboration  of  our  colleagues  expert  in  the  tech 
niques  of  high  pressure;  Professor  George  C.  Kennedy  and  Professor 
David  Griggs  of  the  Institute  of  Geophysics,  both  of  whom  learned 
their  high  pressure  work  from  Percy  Bridgman  at  Harvard.  In  addi¬ 
tion,  we  have  been  greatly  aisisted  by  Professor  Harry  Drickamer  at 
the  University  of  Illinois,  and  Professor  Tracy  Hall  of  Brigham 
Young  University.  In  other  words,  our  objective  has  been  to  apply 
to  chemistry  the  techniques  that  have  been  gained  by  the  Bridgman 
school  and  others  to  bring  out  the  effects  of  high  pressures  on  chem- 

H  ll.l.ARD  F.  It /IB).  Profes lor  of  Chemistry  at  the  University  of  Cal¬ 
ifornia,  lot  A ngelrs.  pirector  of  the  I'nivrnily  of  California  Institute 
of  Geophysics  and  Planetary  Physitj.  and  a  former  member  of  the  Atomic 
Energy  Commission.  He  is  a  Nobel  laureate  (I960,  chemis'ry,  carbon-H 
method),  and  is  an  AFOSR  grant  te.  He  directs  the  AFUSR  Program  in 
Spare  Chemistry  at  UCLA. 
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iral  reactions  and  chemical  properties.  There  have  been  two  gen¬ 
eral  areas:  the  organic,  and  the  inorganic. 

A.  OaoAf  :c  Hith  Puuuu  CHXMirraY 

I.  Virus  Ai/firg— < Our  work  in  organic  compounds  consists  mainly 
ol  the  study  of  tie  effects  of  high  pressure  on  Coliphage  T-4;  work 
done  mainly  by  Lewis  Solomon,  Peter  Zeegen,  and  Fred  Eiserling. 
Coliphage  T-4  virus  was  exposed  to  pressures  of  4  kb  under  which 
condition  it  was  found  to  be  rapidly  inactivated  by  the  release  of 
deoxyribonucleic  add  (DNA)  and  the  uncoiling  of  this  important 
molecule.  Electronmicroscopic  pictures  indicated  the  pressure  con¬ 
sistently  caused  two  morphological  changes;  both  attributed  to  the 
uncoiling;  (I)  the  phage  with  contracted  sheaths  and  heads  full  of 
DNA,  and  (2)  the  phage  with  contracted  sheaths  and  heads  empty 
of  DNA.  The  ratios  of  the  types  have  been  shown  to  depend  strongly 
nn  temperature.  Bioassays  of  the  results  of  phage  samples  check  with 
the  counts  made  and  the  electronmicrascopic  pictures. 

The  fraction  of  the  initial  phage  population  surviving  exposure 
to  pressures  on  the  order  of  4  kb.  was  found  to  increase  following 
the  addition  of  ions,  chloroform,  or  protein  to  the  phosphate-buf¬ 
fered  stock  suspension.  It  has  not  been  determined  whether  these 
compositional  variables  act  through  direct  interaction  with  the 
phage  or  by  altering  the  organisation  of  the  water.1 

The  significant  features  of  the  kinetic  studies  ?rt  1)  the  linearity 
of  the  log  fraction  surviving-time  curves  and  2)  the  failure  of  such 
curves  to  extrapolate  to  initial  concentration  it  time  zero.  Linearity 
was  contingent  upon  the  initial  phage  concentration  being  on  the 
order  of  IOl*/ml  or  less.  !t  was  not  determined  if  expuaurr  times 
longer  than  five  minutes  would  cause  a  deviation  from  linearity  for 
these  stocks.  The  rapid  inactivation  made  it  dificult  to  determine 
whether  initial  first  order  kinetics  is  lost  at  pressures  greater  than 
3.4  g.u.  (1  gauge  unit  is  approximately  1.4  kilobars). 

Compression  and  decompression  appear  to  have  an  inactivating 
effect  which  cannot  be  accounted  for  by  accumulative  inactivation 
due  to  the  finite  time  spent  it  each  pressure  during  compression 
and  decompression.  An  upper  limit  to  the  fraction  of  phage  inac¬ 
tivated  during  compression  and  decompression  by  the  mechanism 
which  inactivates  phzgc  :*  constant  pressure  can  be  obtained.  As- 
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•timing  inactivation  i.  t»  order.  11 M  _.«K 

where  K  ii  the  pressure  dependent  inactivation  comtant  and  .49  the 
factor  for  logarithm  change  of  I  ate.  Since  compression  and  decom¬ 
pression  ratet  ate  constant,  dp/dt  =  2.0  g.u./min.,  and  log  frac¬ 
tion  surviving  compression  —  0_p ’ .43K  (dp/2). 

This  integral  can  be  estimated  by  taking  .49/2  times  the  area 
under  the  rate  constant-pressure  curve  in  Figure  I.  Doubling  this 


P(g.u.) 


Fieuaa  I.  First  order  inactivation  constant  vs.  pressure.  The  initial  viable 
liter  was  l.t  *  IO“/ml.  Pha^e  were  compressed  and  decompressed  at  I 
g.u./min.  Temperature  was  25*C. 

value  to  account  for  decompretaion  gives  .29  or  41%  lost  due  to 
compression  and  decompression.  This  estimate  tails  considerably 
short  of  the  75%  inactivation  obtained  by  extrapolation,  to  it  is 
likely  that  changing  pressures  can  have  an  additional  inactivating 
effect. 

Electron  micrographs  show  two  phage  types  which  can  be  consid¬ 
ered  inactive  from  their  morphology— thoae  with  contracted  sheaths 
and  those  with  both  empty  heads  and  contracted  sheaths.  Electron 
micrographs  of  compressed  samples  have  also  shown  a  large  number 
of  ftee  tail  fibers.  Thus,  pressure  may  provide  a  practical  method  of 
isolating  tail  fiber  protein. 

The  mechanism  of  contraction  and  DNA  release  remains  obscure. 
Osmotic  mechanisms,  however,  based  on  pressure  differentially  al- 
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tcring  the  permeability  of  soluble  ion*  ami  water  across  thr  phage 
coat  it  not  likely,  since  preliminary  results  indicate  that  osmotic 
shock  resistant  mutants  show  the  same  degree  of  inactivation  as  the 
wild  type.  No  evidence  fiat  been  obtained  which  would  indicate 
whether  the  two  morphological  types  arise  front  two  scpaiate  rcac 


TIME  (minutes) 


Ficutcs  2.  Negative  log  surviving  traction  vs  time.  Time  is  measured 
between  thr  end  of  cumpiessioti  and  the  beginning  o)  decompression  Com 
presume  and  decompression  rate  is  If  go. /min.  Teni|>rcatuie  was  25°C. 
Initial  viable  titer  5  x  IO*/nd.  Initial  viable  titer  5  x  IO"/ml.  Pressure  3.0 
g.u.  Figure  i  is  an  electron  micrograph  of  these  phage  alter  5  minutes. 
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tiom  or  if  (he  empty  headed  phage  wall  contracted  sheath  is  furmed 
from  full  headed  phage  with  contracted  sheath  upon  loss  of  DNA. 

Furthermore,  morphologital  alteration  may  be  secondary  to  a 
piimary  nonvisiblc  inactivating  step. 

Variation  of  temperature  has  been  shov  n  to  alter  the  ratio  of  the 
two  morphologically  altered  ty|>cs.  imperially  noteworthy  is  the  ef¬ 
fect  temperature  has  on  the  ratio  of  full  m  empty  headed  phage 
among  those  with  contracted  sheaths.  Their  is  a  niaikcd  decrease 
in  the  emptying  of  DNA  at  lower  irm|teratlll ei,  1  his  observation 
may  have  more  general  utility  since  it  indicates  that  the  tcm|>eiature 
variable  may  be  useful  when  it  is  (Irritable  to  favor  one  pressure 
induced  reaction  over  another  (see  Table  1). 

2.  Explosions  -KxjHiimcnts  with  organic  «oni|>ounds  have  con¬ 
firmed  observations  ol  Bridgman. “  We  conlirmed  Profcssoi  Bridg¬ 
man's  findings  that  many  organic  comjxjunds  explode  when  sub¬ 
jected  simultaneously  to  high  pressure  and  high  shear  rates.  Dr.  A. 
J.  Darnell  did  this  work.  Although  we  have  published  nothing 
formally  on  it,  for  the  observations  are  incomplete,  they  were  coin 
plete  enough  to  show  the  iy|x-s  of  gcuci.il  tiend  ili.ti  skettlt  out 
what  appeals  to  be  the  geneial  outlines  of  the  high  piessurc  chemis¬ 
try  of  organic  compounds.  This  is  following  on  work  of  Dr.  Irving 
Bcngelsdoif  who  worked  at  the  (Jencial  Flcitiii  Talxuatoiy  with 
Dr.  Tracy  Hall  and  did  a  variety  of  high  piessure  exploratory  ex¬ 
periments.*  Of  course  it  is  necessary  to  point  out  that  there  has  been 
a  great  deal  ot  high  pressure  chcmistiy  woik  in  the  lange  Irelow  10 
kb.  This  is  described  carefully  and  exttemely  well  in  Hamanu's 
book.4  In  general,  our  woik  at  IKTA  in  high  pressuies  is  carried 
out  above  this  range,  although  a  good  pan  of  (hr  organic,  as  in 
the  case  of  1-4  phage  (ioliphage,  was  done  in  this  range.  As 
Bengelsdotf  has  shown  bcfoic,  we  lound  also  that  nearly  all  organic 
com|x.nmds  undergo  rhanges  of  one  sort  or  another  when  subjected 
to  pressures  above  20  kb.  In  particular,  explosions  occur,  jxdymeri- 
rations,  and  dramatic  transfoi mations.  Bciigclsdni  f’s  technique  had 
been  to  seal  sample  conqiutituls  in  lead  capsules  and  subject  theni 
to  pressures.  In  doing  so  he  jiolyiucrizcd  acetone  to  make  a  yellow 
solid  at  .10  to  50  kb.  and  at  tempcraiuies  aiound  lOOTi.  Similai  ex¬ 
periments  with  eiotonaldehyde  lead  to  no  results,  whereas  paialda- 
hyde  at  the  lower  tempetaturt  of  M)C  always  gave  yellow  |h>1)uicts, 
highly  insoluble,  even  in  boiling  clecalinc  at  HH)°C.  Methyl  alcohol 
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at  SO  kb.  and  370°  exploded  apparently  giving  ethylene.  Our  experi¬ 
ments  were  done  mainly  with  pure  hydrotarl)ons,  either  branched 
or  straight  chain  saturated  aliphatics.  The  general  result  was  that 
we  could  not  cause  explosions  in  the  case  of  the  straight  chain,  but 
in  the  case  of  the  branched  chain  it  was  possible  to  do  this  repro- 
ducibly  whenever  both  shear  and  pressure  were  applied  in  the 
general  range  of  50  kb.  Trapping  of  the  gas  lead  to  quite  clear  evi¬ 
dence  of  methane  and  olefins  so  it  seems  likely  that  the  chemical 
change  involved  in  the  explosions  of  branched  polyethylene  under 
the  conditions  of  pressure  and  shear  is  a  formation  of  methane  and 
olefins  with  energy  evolution  because  of  the  relatively  great  stability 
of  methane.  On  this  basis  one  can  see  why  the  straight  chain  hydro¬ 
carbon  does  not  explode. 

Hardly  more  than  exploratory  experiments  were  done  in  this  field, 
but  the  indications  are  that  the  area  is  a  rich  one. 

3.  Pressure  Cooking— As  a  matter  of  general  interest  experiments 
were  done  with  food  stuffs.  Bridgman  had  remarked2  that  egg  white 
albumen  could  be;  coagulated  by  pressure. 

Our  experience  fully  collaborated  this  report,  10  kb.  for  five  min¬ 
utes  at  room  temperature  resulted  in  fully  coagulated  white  gela¬ 
tinous  solid  cooked  egg  white  which  had  no  odor,  and  tasted  very 
similarly  to  ordinary  cooked  egg  white.  Similar  results  occurred  in 
one  minute.  Similarly,  egg  yolks  were  cooked.  There  was  an  interest¬ 
ing  difference  here  in  that  they  were  translucent;  they  also  had  no 
odor  and  did  not  color  silver  surfaces.  It  would  appear  that  the 
sulphur-sulphur  linkage  involved  i»-  v  yolk  proteins  was  not  rup¬ 
tured.  Various  other  foods  were  co .....  d  in  this  manner  and  eaten. 
For  example,  hambuiger  was  cooked  a?  10  kb.  for  ten  minutes  at 
20°.  The  results  were  no  odor  anu  it  tasted  well  done.  However, 
it  did  not  taste  like  regularly  cooked  meat,  although  since  the  sam¬ 
ple  was  at  room  temperature  this  might  have  been  a  factor.  In  gen¬ 
eral,  our  cx|K'ricncc  with  the  effects  of  pressures  on  foods  would  be 
that  like  that  with  the  Coliphagc,  the  probable  effect  was  an  un¬ 
coiling  of  protein  helices  through  the  breaking  of  hydrogen  bonds, 
anti  that  the  applications  of  pressures  at  the  range  of  10  kb.  at  room 
temperatures  has  this  effect,  and  will  not  break  even  sulphur-sulphur 
linkages  and  probably  the  weakest  of  the  true  chemical  bonds  This 
could  be  a  {>owcrfi.l  tool  in  synthesis  and  analysis  of  complex  or¬ 
ganic  v.id  bio»  hemic  al  structures. 
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In  summary,  the  whole  field  of  high  pressure  organic  chemistry 
appears  to  be  a  very  rich  one,  and  deserving  of  much  more  attention 
in  the  pressure  range  above  10  kb. 


Figurt.  3  Sample  pressurized  at  6°C.  Shows  high  proportion  of  phage  with 
contracted  sheaths  and  full  heads. 
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B.  Artificial  Metals 

Dr.  A.  J.  Darnell  has  worked  on  the  problem  of  artificial  metals; 
the  production  of  metals  by  application  of  pressures  to  non-metals 
followed  by  quenching  to  liquid  nitorgen  temperatures  in  order  to 


Figure  4.  Sample  presumed  ac  !!*().  Shows  high  proportion  of  phage  with 
contracted  sheaths  and  1)NA  released. 
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preserve  the  nictastable  phases  for  experimental  laboratory  investi¬ 
gations.  In  this  way  a  number  of  new  materials  have  been  produced, 
among  them  metallic  indium  aniimonidc  and  its  alloys  with  tin. 
Since  this  work  other  laboratories  have  produced  numerous  other 
examples,  in  particular,  gallium.  In  general,  one  feels  certain  that 
the  artificial  metals  offer  great  opportunity  for  solid  state  physics  and 


Figure  5.  Superconducting  transition  tettiperaiurc  versus  tin  atom  fraction 
for  the  InSb-Sn  system. 
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chcmistiy.  It  Ktms  clear  that  it  will  be  possible,  using  the  new  tech¬ 
niques,  to  develop  new  metals  almost  at  will  thus  varying  parame¬ 
ters  of  great  interest  to  the  theory  of  metals  and  the  solid  state  in 
general.  In  particular,  we  believe  that  suj>erconductivity  can  be 
elucidated  by  this  technique,  and  that  features  now  obscure  in  the 
nature  of  superconductivity  tan  l>e  brought  to  light.  For  example, 
the  inditm  antimonidc  tin  alloys  show  us  the  variation  of  super¬ 
conductivity  transition  temperatures  with  composition.  This,  de¬ 
spite  the  fact  that  the  lattice  constant  and  the  geometry  of  the  lat¬ 
tices  as  seen  by  the  x  rays  (which  cannot  distinguish  between  indium 
tin  and  antimony  atoms),  weie  constant  ter  high  precision  through¬ 
out  the  series.  Figure  5  shows  that  the  strength  of  these  materials 
varies  smoothly,  the  diatomic  compound  being  harder,  as  shown  in 
Figure  t>.  It  would  seem  on  the  basis  of  this  that  the  alternating 
kernel  charge  which  must  be  characteristic  of  indium  antimonidc 
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Ftcuiu:  6.  Brincll  hardness  numbers  of  the  metallic  alloy  system  InSb-Sn 
at  197’C. 
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probably  impart!  the  hardness.  Confirmatory  experiments  were  done 
in  the  non-metallic  diamond  lattice  phase  by  showing  that  the  non- 
metallic  tin  was  indeed  softer  than  the  non-metallic  diamond  lattice 
indium  antimonidc.  Now,  on  this  basis,  we  predict  that  the  diamond 
form  of  boron  nitride  is  much  harder  than  diamond.  Crystals  of 
adequate  sire  have  not  $>cen  available  to  test  this  important  point. 
This,  however,  is  a  point  of  some  possible  general  importance. 

The  freezing  technique  is  one  that  has  been  useful  not  only  in 
studying  metals,  but  also  other  structures,  In  fact,  it  would  be  in 
this  way  that  the  combination  of  annealing  and  freezing  by  quench¬ 
ing  with  liquid  nitrogen  could  make  high  pressure  chemistry  far 
more  fruitful.  In  particular,  Kamb  and  Davis*  have  isolated  the 
densest  form  of  ice  and  have  shown  its  crystallite  structure  corres¬ 
ponded  to  essentially  the  closest  packing  of  oxygen,  although  it  did 
expand  somewhat  on  release  of  the  pressure  Similarly,  Kasoer  and 
Brandhorst*  found  a  new  sttucture  of  metallic  indium  antimonidc 
t  around  50  kb  which  can  be  derived  from  the  simple  beta  tin 
structure  which  appears  at  25  kb  by  a  simple  shear  process.  It  ap 
pears  that  this  sttucture  reverts  to  the  beta-tin  structure  on  release 
of  pressure  even  though  the  quenching  to  77°K  has  been  carried  out. 
Thus  we  see  some  evidence  of  structures  that  cannot  be  quenched, 
or  at  least  of  some  structures  that  can  be  more  easily  quenched  than 
others.  So  one  must  proceed  with  some  caution  about  planning  for 
quenching  of  high  pressure  metastablc  structures  However,  in  gen¬ 
eral,  the  technique  is  a  very  fruitful  one,  and  we  believe  that  there 
are  many,  many  applications  remaining.  In  fact,  our  plan*  during 
the  next  years  include  considerable  further  work  in  the  general  area 
of  the  artificial  metals;  investigating  in  particular  the  effects  of  struc¬ 
tural  and  valence  electron  differences  on  the  proj>crties  of  metals, 
eg.  strength,  electrical  conductivity,  superconductivity,  color,  veloc¬ 
ity  of  sound,  and  so  on.  This  work  will  be  pursued  in  conjunction 
with  Professor  H:\ns  Bommel’s  group  in  Physics  and  Professor 
George  Kennedy's  and  Professor  David  Griggs’  groups  in  the  Insti¬ 
tute  of  Geophysics.  We  have  developed  a  Crystal-Growing  Labora¬ 
tory  which  has  as  its  principal  purpose  the  production  of  crystals 
for  research  study.  A  very  modern  high  pressure  press  has  been  in¬ 
stalled  together  with  lacilities  for  quenching  under  the  high  pres 
sure  conditions.  In  this  connection  it  has  been  our  experience  that 
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the  piston  and  cylinder  apparatus  allows  qurnching  more  readily 
than  other  designs.  In  the  design  of  high  pressure  apparatus  it  is 
important,  if  the  quenching  tuhnique  is  to  be  used,  to  consider  the 
possibility  of  getting  the  liquid  nitrogen  effectively  to  the  sample 
while  it  is  tinder  the  high  pressure. 

A  general  result  of  some  interest  has  been  reported  by  Musgrave.T 
He  reports  that  the  work  of  compression  (PAV),  the  pressure  at  the 
transition  from  tin  non-metallic  phase  multiplied  by  thr  volume 
change,  gives  a  value  equal  to  one  half  of  the  electronic  energy  gap 
in  the  non. metallic  diamond  funn.  For  obscure  reasons  this  regular¬ 
ity  seems  to  be  particularly  g«xxl  for  the  Group  IV  elements,  silicon 
and  germanium,  and  to  wink  quite  well  for  indium  antimonide,  the 
numbers  being  51.6%  for  silicon,  52.0%,  for  germanium,  and  57.0% 
for  indium  antimonide.  On  this  basis,  it  is  possible  to  estimate  the 
pressure  required  to  make  metallic  diamond  out  of  diamond  using 
the  energy  gap;  it  would  appear  that  something  in  the  neighborhood 
of  at  least  one  million  atnnssphcres,  one  megabar,  would  fx-  needed. 
In  lact.  the  rigorous  calculations  would  give  something  in  excess  of 
two  megabais.  Thus  it  would  seem  that  it  will  be  a  long  time  before 
laboratory  techniques  for  making  metallic  diamond  will  suffice. 
Nevertheless,  there  is  little  doubt  that  pressures  in  ihc  vicinity  of 
one  megabnr  would  ojxn  up  a  whole  new  world  of  chemical  and 
physical  phenomenon.  In  Diirkamer’s  lalxtratory  in  Illinois,  small 
samples  have  been  carried  to  the  vicinity  of  half  a  megabar  with 
the  result  that  a  large  number  of  transformations,  changes  in  elec¬ 
trical  resistivity,  and  optical  pioperties  have  been  observed.  No 
quenching  has  been  attempted  at  these  pressures  and  the  samples 
are  so  small  that  it  would  be  difficult  to  do  many  experiments  even 
if  the  structures  were  retainable  by  queue hittg.  Thus  there  is  a  very 
large  instrument  design  problem,  an  engineering  problem,  for  the 
laltora'.ory  apparatus  which  will  allow  a  sample  of  some  volume,  : 
say  one  cubic  centimeter,  to  lx'  compressed  to  megabar  pressures  to 
lx1  designed  and  built.  The  highest  priority  should  be  given  to  any 
leads  for  this  design.  We  take  ho|X'  front  the  finding  that  diamond  j 
probably  is  stable  to  comprcssiona!  transitions  for  pressures  well  ' 
above  one  megabar.  It  may  lx-  the  magic  material  needed  for  the 
parts.  Ihc  machining  may  be  jxissible  with  diamond  boron  nitride. 
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II  RADIATION  CHEMISTRY 
A.  Positive  Ion  Chemistry 

1.  High  yield  o/  heavy  molecular  weight  hydrocarbon  by  ioniza¬ 
tion  of  methane—lt  has  been  shown*  during  the  last  few  months  that 
the  gamma  ray  exposure  of  both  solid  and  gaseous  methane  leads  to 
the  production  of  high  molcculai  weight  hydrocarbons,  very  highly 
branched,  in  high  yield  (G  is  approximately  I  for  methane  loss  and 
conversion  into  heavy  hydrocarbons),  Earlier  work  had  established 
that  (he  inadiation  of  gaseous  methane  by  ionizing  radiations  caused 
polymer  to  form.  This  work,  however,  having  been  done  in  the  gas 
phase,  perhaps  left  some  doubt  as  to  the  broad  nature  of  the  chemist! y. 

At  the  present  time,  we  believe  it  is  quite  clear  that  the  chemistry  is 
not  due  to  free  radicals,  but  is  most  likely  due  to  ions.  We  have  in¬ 
vestigated  this  icaction  carefully  and  established  some  of  the  effect  of 
electron  transfer  and  thus  nave  given  good  evidence  for  the  positive 
iuu  iiatuie  of  the  chemistry,  it  being  clear  that  quenching  by  sub 
stances  of  lower  ionization  potential  is  some  proof  of  positive  ions. 

On  the  basis  of  this  work,  we  expect  that  the  ionizing  ultiaviolrt 
radiation  bombarding  reducing  planetary  atmospheres  produrcs 
high  molecular  weight  hydrocarbons  and  it  is  conceivable  that  part 
of  the  present  tTude  oil  had  its  origin  in  this  mechanism.  It  is  inter¬ 
esting  to  speculate  about  the  nature  of  the  reaction  products  on 
Jupiter. 

2.  Electron  transin  to  put  charge  on  species  of  lowest  ionization 
po/enhfi/— Experiments  with  solutions  of  hexane  in  liquid  xenon 

have  shown  conclusively  that  when  ionization  of  either  molecule  ] 

takes  place  the  positive  charge  ultimately  reaches  the  solute  hexane 
because  of  its  lower  ionization  potential.  Thus  we  sec  that  it  is  very 
likely  that  the  radiation  chemistry  of  ionizing  radiation  will  concen¬ 
trate  in  the  species  of  lowest  ionization  potential.  This  general  con¬ 
clusion  is  one  of  extreme  importance  in  the  chemistry  of  planetary 
atmospheres.  We  thus  ran  see  that  the  ionizing  energy  incident  on 
the  atmospheres  may  be  concentrated  in  certain  species  and  thus  be 
directed  to  their  chemical  reactions. 

3.  Ionizing  ultraviolet  in  sunlight  and  probable  effects  on  plane¬ 
tary  atmospheres  like  ]upiter’s~\  powerful  helium  light  source  has 
been  made*  by  producing  a  low  voltage  helium  plasma,  With  this 
we  have  investigated  die  effects  of  this  ionizing  ultraviolet  light  on 
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methane  ami  found  them  to  be  very  similar  to  those  observed*  with 
cobalt  (id  gamma  rays.  With  this  result  wc  p  edict  that  the  ionizing 
ultraviolet  in  the  sunlight  must  have  appreciable  effects  on  reducing 
planetary  atmospheres,  wherever  they  may  have  occurred.  The  con¬ 
sequences,  of  course,  may  Ik-  that  heavy  hydrocarbons  arc  very  com¬ 
mon  constituents  of  planets  and  that  in  particular,  some  of  the  earth's 
]K'trolcuin  may  have  had  this  origin. 

4.  General  laws  of  positixie  ion  chemistry— One  comprehensive 
paper  has  been  published10  and  further  general  thoughts  and  gen¬ 
eral  conclusions  were  stated  at  the  fkrrdon  Conference  in  July  of 
1964.  It  appears  to  be  entirely  possible  to  write  down  general  laws 
for  the  chemistry  of  |>ositivc  ions  and  that  these  laws  can  be  ex¬ 
tremely  helpful  in  guiding  experiments  and  interpreting  the  results 
h  r  ionic  radiation  chemistry.  Foi  example,  it  appeals  that  the  prin¬ 
ciple  of  analogy  is  very  valid,  and  that  an  electronic  structure  which 
is  charged  will  have  chemical  piopertics  which  are  very  similar  to 
those  of  the  neutral  structure  with  the  same  number  of  electrons. 
Thus  A*  is  much  like  chlorine  in  its  chemistry.  Also,  there  are  new 
features  such  as  an  electron  exchange  binding  between  identical 
systems  or  systems  which  have  not  had  time  to  become  different  in 
shape.  This  constitutes  an  adhesive  force  additional  to  that  due  to 
electronic  polarization  and  help  bind  the  positive  ion  to  the  neutral 
molecule  until  it  has  had  a  chance  to  react  electronically  by  the 
normal  processes  of  the  filling  of  valence  orbitals. 

One  should  expect  also  that  the  phenomenon  of  ionic  relaxation 
is  vety  fundamental  to  positive  ion  chemistry.  Alice  an  ion  is  formed 
it  natutaliy  wishes  to  assume  a  different  and  new  geometry;  this 
takes  time.  In  condensed  systems,  the  chemical  reactions  may  occur 
before  the  relaxation.  After  relaxation  has  occurred,  such  effects  as 
electronic  exchange  bindings  are  forbidden  by  the  Franck-Condon 
Principle,  and  the  consequences  are  that  the  chemical  effects  in  di¬ 
lute  systems  in  the  gas  phase  should  be  quite  different  from  those 
in  the  solid. 

5.  Possible  applications— The  enormous  quantity  of  ionizing  radi- 
tion  which  is  available  in  atomic  jK>wer  reactors  makes  conceivable 
possible  practical  applications  of  jxtsitive  ion  chemistry.  If  we  should 
come  to  understand  it  sufficiently  well,  it  might  just  he  possible  to 
produce  economically  chemicals  that  have  substantial  value  on  the 
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present  market  and  thus  to  urate  a  new  chemical  industry  and  a 
new  uk'  for  atomic  energy. 

In  any  case,  the  studies  of  |x>sitivc  ion  chemistry  will  be  enlight¬ 
ening  for  (he  effects  of  radiation  on  living  tissue  in  causing  muta¬ 
tions  and  cancer  and  their  bearing  oil  thr  understanding  of  the 
planetary  atmosphere  chemistry  ami  the  effects  that  these  ionising 
radiations  may  have  had  in  times  past  on  the  earth.  It  appears  more 
than  likely,  also,  that  chemical  reactions  ate  of  real  importance  in 
plasmas  such  as  those  involved  in  the  Sherwood  Project  to  tame 
thermo  nuclear  energy. 

This  work  on  radiation  has  been  done  by  Dr.  Larry  Kevan,  now 
at  the  University  of  Chicago,  shortly  to  move  to  the  University  of 
Kansas;  Dr.  Carl  Jensen,  and  Dr,  Donald  Davis. 

B.  Hot  Atom  Chemistvv 

The  chemical  effects  of  nuclear  transmutation  are  very  interesting 
and  have  considerable  significance  for  the  use  o?  x-rays  and  other 
energetic  radiations  in  exciting  chemical  reactions.  In  particular, 
Dr,  Armen  Kazanjian  has  studied  the  nature  of  the  isomeric  transi 
tion  in  Bromine  80,  and  the  reason  that  its  chemical  effects  appear 
to  l>e  essentially  identical  in  many  systems  with  those  of  straight 
recoil  caused  by  emission  of  gamma  rays  from  thermal  neutron 
capture. 

1.  Isomem  transition  to.  (n,  y)  chemistry— We  have  been  studying 
the  hot  atom  chemistry  ol  bromine  atoms,  produced  on  the  one  hand 
by  the  capture  of  thermal  neutrons  followed  by  the  subsequent 
emission  of  energetic  gamma  rays  the  so-called  (n,  -/)  process,  and 
on  the  other  hand  by  the  isomeric  transition,  the  process  by  which 
a  gamma  ray  transition  from  the  4.5  hour  excited  state  of  Br"°  to 
the  lower  18  minute  state  ol  Br*1  occurs  with  rhe  emission  of  a  K 
election.  The  direct  emission  of  the  gamma  ray  without  internal 
conversion  in  the  innermost  electronic  shell  of  the  Br  atom  is  ex¬ 
tremely  improbable.  Following  the  internal  conversion  transition, 
tne  positive  charge  is  im  leased  further  by  the  Auger  process,  by 
which  instead  ol  the  emission  of  x-rays  to  till  the  vacancy  in  the 
K-shell,  tv/o  vacancies  ap{>ear  in  the  L-shcll  resulting  from  the  drop¬ 
ping  of  an  electron  from  the  atom,  resulting  in  net  -f-2  charge.  This 
continues  through  the  M-shelb  and  so  on  and  can  lead  to  as  many 
as  a  -f  12  charge  on  the  Br  atom  This,  of  course,  causes  the  mole- 
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rule,  id  which  the  Hi  atom  was  bound  brloic  tin'  isomeric  transit  ion 
(XTUiicil,  to  disintegrate.  Also  Ur-  daughter  Hi”",  whitli  itself  is 
radioactive  with  .1  ball  life  of  18  minutes  to  luiin  Ki*°  is  heed  in  the 
solution.  l)i.  Ra'aiijian  lias  Irccn  studying  its  it  actions  in  vaiious 
organic  media,  in  pattiiulai,  |i|ojiyl  biounde,  in  l>mli  the  iionual 
and  iso  (onus.  It  has  been  know  11  foi  many  yeais  that  the  ptodiuts 
produced  by  the  (n,  y)  and  the  isomeiii  pmeess  weie  stiaiigely  simi 
lar,  and  we  base  shown  in  detail  that  they  ate  slmd.ii  uiidei  a  wide 
vaiiety  of  conditions.  We  have  just  disioseted  the  leason  for  this 
exat  t  sitnilai  icy. 

It  apjieats  that  bctaiise  ol  the  laige  ele<  lion  admits  of  the  highly 
charged  lit  atom,  elet lions  are  captured  by  it  fioin  the  iiiiinediate 
cnviroiinient,  and  in  parliculat  from  otfiei  |h*i lions  of  the  same 
moleeiile,  say  propyl  hioinitle,  in  whith  tile  f-.nn  and  a  half  horn 
lh”"  was  held,  iluis  putting  positive  ihaige  iivei  the  molecule  as  a 
whole.  This  causes  the  otganu  biomulr  nioleude  to  fission  icsiiltiug 
ill  the  Hi  ion  and  otganu  1011s  dying  apail  with  emigies  of  expul¬ 
sion  Ujrjroi.ti  hing  those  due  to  flu  (it,  y)  moil  H\  simple  t alt  illation 
it  is  jMissdrle  to  show  that  enetgies  of  t«  n  cltttion  suits  01  mote  lot 
the  Hi  atom  ate  not  unreason  able,  and  it  seems  vei  y  likclv  ilia*  the 
bond  between  the  tar  Iron  and  Ht  will  inptuie  preh  initially  when 
one  ;eali/es  tli.it  timsi  likely  the  hugest  (barge  fune  will  lit  beiween 
the  biomim  ion  and  the  lesiduai  « barged  oiganit  raditai.  Il  is  wi  ll 
known  (bat  as  a  tonsetpu  iue  ol  the  higher  elet  iron  affinity  of  Hr* 
ions  when  tiavrliiig  svidi  the  velocity  ol  a  few  elet  turn  volts  energy, 
they  will  taptuie  elet  turns  tiom  the  immediaie  ensiiotiment  to  form 
neutral  atoms.  Thus  we  have  the  Hi  daughtri  liascling  with  some 
10  electron  volts  as  a  neutral  atom.  This  is  exaitly  the  toiiditou  we 
envisage  as  being  ihaiaiictistu  til  die  (n,  y)  process,  where  the 
gamma  lay  retoil  usually  piodutes  eneigy  of  100  elet  iron  soils  at 
most,  ami  many  data  indicate  that  a  majoiity  ot  the  1e.1t  lions  in  hot 
atom  clitniistiy  01  mi  ueai  the  entl  ol  the  tange  wbete  the  energy 
ptobably  tloes  not  exceed  a  It  w  elet  lion  soils.  1  bus  we  see  dial  the 
isomt'iit  and  pi,  y)  ptottsw*  sbuuhl  l»e  essentially  identical  in  then 
tbemit.il  cffeits  lot  media  in  which  the  electron  affinity  of  Hi  *  is 
greater  than  the  ionization  jroteiuial  of  the  medium.  In  media  with 
the  ioni/ati<tu  poiemiai  gteatei  than  the  election  affinity  of  Hi  *  we 
should  e\|>eei  to  fuitl  that  the  btrl  atom  themisiry  trf  the  (11.  y)  proc¬ 
ess  would  differ  1  adit  ally  ft  tun  the  hot  atom  chemistry  of  the  iso- 
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meric  process.  Such  results  were  'ouiul  and  are  given  in  1  able  II; 
they  show  the  expected  large  difference  for  the  CF»Br  system  in 
which  the  ionization  potential  of  12.3  volts  is  above  that  of  atomic 
bromine,  1 1.8  volts. 

2.  C'*  Hoi  Atom  Chemistry— The  chemistry  of  energetic  recoil 
carbon  atoms  has  been  studied  now  for  some  time  in  our  group  and 
we  have  joined  others  in  concluding  that  most  of  the  hot  atom  chem¬ 
istry  of  carbon  is  occurring  near  the  thermal  range.  Therefore,  in  an 
attempt  to  test  what  the  truly  thermal  reactions  are,  we  performed 
experiments  with  carbon  atoms  evaporated  from  a  carbon  rod. 
These  results  are  extremely  interesting  in  that  they  show  that  the 
evaporation  of  carbon  atoms  onto  cold  benzene  cooled  in  liquid 
nitrogen  causes  the  formation  of  toluene  and  cycloheptatricnc  as 
shown  in  Tabic  II. 


Ill  HIGH  TEMPERATURE  CHEMISTRY 

Our  achievements  in  this  area  consist  solely  of  the  construction 
of  three  plasmi  torches,  one  of  which  goes  to  the  power  of  half  a 
megawatt.  With  these  facilities  we  expect  to  reach  temperatures  of 
100,000°  with  nearly  all  gases  and  to  be  able  to  do  considerable 
work  in  the  very,  very  high  temperature  range. 

Present  models  have  a  design  capability  of  70,000"F,  correspond¬ 
ing  to  the  surface  temperature  of  the  hottest  known  star,  roughly 
ten  times  hotter  than  the  surface  of  the  sun. 

The  light  emitted  by  stars  ranges  over  the  entire  spectrum— from 
the  far  ultraviolet  through  the  visible  to  the  far  infrared.  Much  of 
this  radiation  is  absorbed  in  the  upper  layers  of  the  Earth's  atmo¬ 
sphere,  and  is  lost  to  observation,  Radiation  in  the  visible  range, 
however,  is  riot  appreciably  absorbed,  and  has  long  proviii  *  infor¬ 
mation  about  the  composition  and  temperature  of  the  stars  .urough 
spectroscopic  techniques. 

While  elements  present  in  a  star  could  be  identified,  accurate 
measurements  were  not  possible  of  their  relative  quantities.  Com¬ 
parison  spectra  were  necessary  from  plasmas  of  known  composition, 
at  the  temperature  of  the  star  studied.  Our  plasma  torches  are  now 
providing  uncontaminated  spectra  of  gases  whose  composition  may 
be  varied  with  accuracy.  T  hese  spectra  may  now  be  compared  to 
solar  and  stellar  spectra  obtaned  astronomically.  Furthermore,  the 
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siniuiaud  sjK-dra  provide  information  in  die  nonvisible  range  ab¬ 
sorbed  by  the  Earth’s  atmosphere. 

During  the  131st  Annual  Meeting  of  the  American  Association 
for  the  Advancement  of  Science  held  last  December  2f>  through  De¬ 
cember  30  in  Montreal,  Canada,  our  AEOSR  Exhibit  offered  us  an 
opportunity  to  demonstrate  our  techniques  with  the  plasma  torch. 

This  exhibit  demonstrated  the  research  the  AFOSR  is  sponsoring 
in  our  Space  Chemistry  Program  at  UCLA.  In  the  demonstration, 
artificial  metals  were  created  from  nonmctallic  matter  under  pres¬ 
sures  of  40,000  atmospheres,  and  were  quenched  by  cooling  with 
liquid  nitrogen.  These  new  metals  remained  in  the  metallic  state 
when  the  pressure  was  removed,  permitting  investigation  of  such 
properties  as  superconductivity  and  crystal  structure.  The  process 
of  cooking  foods  under  pressure  without  heat  was  also  shown,  and 
other  portions  of  our  exhibit  described  the  effects  of  ionizing  radia¬ 
tion  on  methane  gas  to  produce  lubricating  oil,  and  the  transfer  o; 
energy  from  ions  of  higher  ionization  potential  to  methane  by  elec¬ 
tron  transfer. 

The  following  pictures  are  from  this  exhibit.  Picture  1  shows  the 
entire  exhibit.  Picture  2  a  side  view  of  the  plasma  torch,  demon¬ 
strating  the  lighting  technique.  Picture  S  shows  the  oscillator  section 
of  the  plasma  torch  being  used  as  a  light  source  with  a  spectro 
gTaph  in  order  to  study  the  nature  of  the  emitting  sources  in  the 
plasma.  Picture  4  is  a  close-up  of  the  plasma  of  Picture  3  plasma 
torch  in  operation  at  one  atmosphere,  using  Argon  plasma  gas  with 
a  power  level  in  the  plasma  at  approximately  5  kilowatts. 
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hoped  that  a  graduate  student  will  join  us  shortly  to  take  on  this 
general  assignment. 
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Picruu  2.  Side  view  of  die  plauna  torch— demonitraiing  of  the  lighting 
technique. 


Purr fiu  4.  A  i  lov  up  nf  (he  plant)*  of  Piimic  3  p'amu  umli  in  o|K  i4iiiiii 
al  one  alnioipltrrr  living  Argon  plasma  g.u  will)  a  p  iiui  level  in  ilic  plasma 
at  approximately  b  kilowatts 
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XV.  The  Nature  of  the  Long- 
Range  Interaction  in  Hemoglobin 

WiixAnnF  Ijiibv 

It  is  st:(.<;i-sTri>  (hut  the  Kell  known  thong  min  moon  |M  krai 
molt1)  at  long  distances  (L':>  A)  (Hunting  Ikiwtim  i lie  iron  |Mirpk»y- 
niit  (liniiis  in  In  nioglubni)  it  due  inoti  piobably  (o  mil  mid  dijcole 
Van  lift  Waal's  four*  bclwccn  t lit*  iron  |«ii|>liyi  in  platelets  which 
air  liigldv  |»ilai i/alilr  in  (hr  nuoxygciiaird  slate,  ami  imiili  leu  so 
in  OKyhf  mnglnbm.  I  hr  m  if  illations .  of  tin  vcttoi  noimals  ol  the 
two  i loti'ti  heme  pain  lor  (hr  four  hemes  in  ho|»e  oxyhemoglobin 
air  nr, nly,  hut  rut  |K-ifeitly.  loiicit  lot  an  unci  action  of  (his  type. 
The  interaction  would  be  increased  to  a  maximum  by  an  11.5“  ro- 
l, moil  ot  inn  platelets  and  a  Iti"  (citation  ol  the  uthet  two.  1  his 
ihmtute  should  apply  to  hemoglobin  for  which  the  platelet  tuirn- 
tationi  aic  unknown  at  present.  Muii head  and  Pcuiu,  however, 
rejMirt  a  struiiui.d  change  to  miur  when  hemoglobin  is  oxygenated. 
We  suggesl  that  (Im  consist*  ill  |>al(  ol  the  small  platelet  rotations 
mentioned.  Pout/  and  Marrarella  tejsoii  also  that  Hemoglobin  H. 
which  shows  no  imriadion  (01  teasoiis  involving  other  |H>in(*  (men 
tionrd  lain)  shows  no  tiyslal  stun une  change  on  oxygr nation. 

It  is  pio|M>seil  that  the  diH<  lence  in  the  jmlai  i/.ilnlmes  probably 
is  due  to  two  extra  resonating  (pi)  elections  in  the  [wnphynn  plane 
existing  in  hemoglobin,  lire  hole  in  the  center  of  the  juipuyiiii  de¬ 
fined  by  the  four  nitrogen  atoms  being  hridgrd  by  the  two  iron 
vale  rue  electrons  which  make  resonating  sigma  bonds  to  the  four 
nitrogen  atoms.  This  assignment  leaves  the  four  nitiogt  n  atoms 
equivalent  and  gives  it  26  ~f-  L’x  pi  electrons  where  x  is  the  number 
of  pi  electrons  contributed  by  the  two  vinyl  grouj>s  dejiendiug  on 
the  degiee  of  coplanarity  with  the  jmrphyrin  ting,  x  being  2  for 
complete  coplanarity.  The  two  unshared  pans  of  the  sigma  bonded 
nitrogetu  are  forced  into  the  pi  system.  In  oxyhemoglobin,  only  LM 
pi  electrons  occur  because  the  iron  atom,  being  diamagnetic,  is 
necessarily  in  six  fold  octahcdtal  coordination  with  the  four  planar 
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solutions  (probably  in  acidic  also).  This  is  explained  by  the  acidic 
and  basic  side  groups  on  the  polypeptide  chains  wrapped  around 
the  porphyrin  platelets,  twu  (the  a  chains)  containing  16  acidic  and 
24  basic  groups  and  the  other  two  (the  fi  chains)  containing  24  and 
23,  respectively,  become  electrostatically  charged  as  the  pH  is  shifted. 
This,  due  to  the  low  dielectric  constant  of  the  proteinaceous  matter 
constituting  the  main  central  part  of  the  hemoglobin  molecule, 
causes  the  chains  and  the  platelets  to  be  pushed  apart  against  the 
interaction  in  a  kind  of  swelling  effect.  The  weak  positive  ions  are 
neutralized  at  pH  values  above  the  isoelectric  point  leaving  a  net 
negative  charge  on  the  chains  and  repulsion.  The  opposite  process 
occurs  with  pH  values  below  the  isoelectric  point.  Thus  the  neu¬ 
tralization  free  energy  for  the  bases  in  high  pH  in  hemoglobin  (and 
for  the  acids  in  low  pH)  must  be  less  by  the  amount  of  the  work 
done  against  the  heme  heme  interaction  forces  in  the  swelling,  and 
the  dissociation  constants  of  both  the  acids  and  bases  in  hemoglo¬ 
bin  are  increased  relative  to  the  values  in  oxyhemoglobin. 

2.  The  detailed  fit  of  the  individual  equilibrium  constants  Ki, 
Kj,  K„  and  K4  for  the  oxygenation  of  the  four  hemes  in  hemoglo¬ 
bin  and  the  independence  of  K4  of  the  nature  of  the  substituents 
on  the  first  three  hemes  (whether  they  be  CO  or  other  molecules 
different  from  Os).  The  ratios  of  the  K's  are  given  uniquely  by  our 
one-parameter  theory  <nd  the  agreement  of  the  individual  K's  at¬ 
tests  to  the  close  fit  of  th*1  oxygenation  curve.  The  observed  inde¬ 
pendence  of  K«  of  the  nature  of  the  first  three  inactivating  ligands 
is  due  to  the  complete  elimination  of  the  interaction,  in  our  theory, 
by  inactivation  of  the  first  three  hemes. 

3.  The  fact  that  dissociation  to  the  diheme  has  little  effect  on 
the  oxygen  uptake  curve.  The  relatively  great  strength  of  the  inter¬ 
action  between  the  closest  and  most  properly  oriented  heme  pairs 
(the  hemes,  one  with  an  a  chain  and  the  other  with  a  fi  chain)  means 
that  the  total  interaction  is  reduced  relatively  little  by  splitting  the 
molecule  into  diheme  systems  consisting  of  one  a  and  one  /9  poly¬ 
peptide  chain  each.  It  is  a  prediction  of  our  theory  that  the  split¬ 
ting  occurs  in  this  particular  way.  The  evidence  seems  to  favor  this. 

4.  The  fact  that  the  oxygenation  curve  for  myoglobin  is  inde¬ 
pendent  of  pH  (no  Bohr  Effect).  The  absence  of  heme  heme  inter¬ 
action  in  dilute  myoglobin  requires  that  no  Bohr  Effect  exists, 
according  to  our  theory. 
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Figure  1 


5.  The  essentiality  of  the  vinyl  side  chains  to  the  interaction.  The 
polarizability  probably  is  due,  in  significant  part,  to  the  vinyl  side 
chains  contributing  four  additional  pi  electrons.  This  requires  that 
the  vinyl  side  chains  be  coplanar  with  the  porph>rin  in  hemoglobin, 
although  not  in  oxyhemoglobin. 

6.  The  decrease  of  the  oxygen  affinity  of  hemoglobin  in  concern 
trated  solutions.  Since  our  theory  uses  a  Van  der  Waal's  interac¬ 
tion,  the  interactions  are  nonsaturable  and  the  interactions  with 
three  other  hemes  within  the  molecule  in  no  way,  except  possibly 
in  angular  orientation  and  in  distance  of  separation,  inhibits  a  heme 
in  interacting  with  hemes  in  neighboring  molecules.  Therefore,  con¬ 
centrated  hemoglobin  solutions  have  their  oxygen  affinities  further 
reduced  by  the  intermolecular  interactions  between  hemes. 

7.  The  fact  that  Hemoglobin  H,  the  hemoglobin  form  with  four 
f}  chains  instead  of  the  usual  two,  shows  no  interaction.  The  /? 
chains  have  essentially  ten  excess  acidic  side  groups,  including  the 
ends  (because  the  histidine  basic  side  chain  is  so  weak)  so  at  normal 
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body  pH  values  around  seven  there  will  be  an  cxc»  .s  of  negative 
charges  spread  along  the  p  chain.  (In  the  a  chains,  the  acidic  and 
basic  side  chains  nearly  balance.)  Thus  Hemoglobin  H  at  all  nor¬ 
mal  pH  values  should  be  swollen  due  to  the  charge  repulsion  and 
therefore  should  show  essentially  no  heme  heme  interactions,  and 
the  oxjg  .n  uptake  curve  should  closely  resemble  that  of  myoglo¬ 
bin.  No  Bohr  Effect  should  exist.  It  is  a  prediction  of  our  theory 
that  at  some  lower  value  of  the  pH  the  interaction  might  occur. 
This  might  be  between  pH  five  and  six. 

8.  Species  differences  residing  in  the  side  chains  cannot  be  mani¬ 
fested  in  K4  according  to  the  present  theory  since  no  interaction 
remains  for  the  final  Oa  addition.  Therefore,  K4  should  be  inde¬ 
pendent  of  species.  This  seems  to  be  true. 

PREDICTIONS 

1.  The  polarizability  of  hemoglobin  will  be  found  to  be  about 
3000  to  4000  As  and  to  decrease  on  oxygenation  by  at  least  90%. 

2.  Differences  in  the  oxygenation  curves  for  hemoglobin  among 
different  sjx;cies  and  under  different  conditions  (temperature,  pH, 
salt  concentrations)  depend  mainly  on  the  geometrical  arrangement 
of  the  heme  platelets  and  the  acid  base  equilibrium  of  the  constitu¬ 
ent  amino  acids  in  the  polypeptide  chains.  The  geometrical  ar¬ 
rangement  of  the  chains  is  important  througu  the  effect  it  has  on 
the  interactions  between  the  charges  developed  by  acid  base  dis¬ 
sociation  and  neutralization. 

3.  Met  hemoglobin  (hemoglobin  witn  -f-8  iron,  oxidation  having 
removed  one  3d  electron)  will  have  an  interaction  between  heme*-, 
of  about  the  same  magnitude  as  that  found  in  hemoglobin. 

4.  All  ligands  will  interact  more  energetically  with  and  be  bound 
more  firmly  to  myoglobin  than  hemoglobin,  the  diff<  rence  being 
the  interaction  discussed  here. 

5.  Crystalline  human  hemoglobin  will  show  the  porphyrin  plate¬ 
lets  to  have  normals  lying  in  the  a,  b  plane  of  the  crystal  with  the 
normals  at  the  angles  given. 

6.  The  location  of  the  two  vinyl  side  groups  in  positions  2  and 
4  of  the  porphyrin  will  be  found  to  maximize  the  polaiizability. 
(These  quantum  mechanical  calulations  are  now  underway  with 
R.  Shafer.) 
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7.  Although  tin.-  nun  atom  in  hemoglobin  need  not  be  coplanar 
with  the  porphyrin,  it  will  be  coplanar  in  the  oxyhemoglobins. 

8.  The  ratios  of  the  K's  will  be  imlc|X'iu!cni  of  the  ligands  used. 

9.  The  constant  K4  will  depend  on  the  overall  roiuenualiun  of 
hemoglobin  due  to  heme  heme  intermodular  interaction,  decreas¬ 
ing  with  increasing  concentration. 

10.  Hemoglobin  H  in  the  ntoie  acidic  pH  range,  possibly  be¬ 
tween  5  and  6,  will  show  decreased  oxygen  affinity  and  appreciable 
sensitivity  to  pH  (Bohr  Effect). 

CONCLUSION 

The  oxygenation  of  hemoglobin  as  affected  by  the  heme  heme 
interaction  apparently  can  l>e  explained  by  a  very  long  range  Van 
der  Waal's  electronic  polarizability  interaction  much  stronger  for 
hemoglobin  than  for  oxyhemoglobin  due  to  the  electronic  level 
structures  of  tile  pi  electrons  in  the  porphyrin  system,  hemoglobin 
having  two  more  pi  electrons.  T  he  quantum  theoretical  calcula 
tions  given  merely  show  that  such  an  explanation  is  possible  theo¬ 
retically.  The  fact  that  the  particular  molecular  orbital  trearnent 
used  gives  about  the  (xilari/abilities  required  may  be  somewhat 
fortuitous  and  the  quantum  theoretical  calculations  probably  should 
be  taken  merely  as  being  permissive  in  that  they  show  a  Van  der 
Waal's  type  of  interaction  to  be  entirely  conceivable,  and  not  in 
violation  of  the  quantum  theory. 

Exjzcrimcntally,  the  evidence,  varied  and  detailed  as  it  is,  seems 
to  fit  the  theory  with  a  pi  electron  jsolarizability  of  about  4000  • 
10"24  cubic  centimeters  in  hemoglobin  and  with  a  much  smaller 
polarizability  of  the  pi  electron  system  in  oxyhemoglobin.  This 
seems  to  require  that  the  two  vinyl  groups  contribute  and  be  eo- 
planar  with  the  heme  platelets  in  hemoglobin.  The  Bohr  Effect  of 
acids  and  bases  and  the  effects  of  added  salt  are  in  keeping  with 
our  theory  in  that  charge  repulsion  causes  a  swelling  and  a  rapid 
drop  in  the  interaction  with  consequent  increase  in  oxygen  affinity. 
Species  differences  due  to  the  location  of  acidic  and  basic  amino 
acids  on  the  protein  chains  are  understandable  because  the  sensi- 
•  ivity  of  the  interaction  to  inter  heme  distances  and  platelet  orien¬ 
tations  would  be  so  great. 
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